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ABSTRACT
In this thesis, we investigate atmospheric water vapor transport through a distinct synoptic
phenomenon, namely, the Tropospheric River (TR), which is a local filamentary structure
on a daily map of vertically integrated moisture flux.
Firstly, an automated procedure for identifying and tracking these rivers (named
TRICKS, i.e., the Tropospheric River Identifying and traCKing Scheme) is described and
its performance is evaluated. This procedure enables the maxima of moisture flux (so-
called TR cores) to be detected and accurately located. The relationships among the adja-
cent TR cores are then evaluated to construct the axes of rivers. A river is tracked from
birth to termination and its life cycle properties are recorded, thus allowing various statis-
tics of TR distributions and movements to be estimated. All these stages of the scheme are
performed without intervention once a number of governing constants have been decided
upon.
We then apply the scheme to the vertically integrated moisture flux calculated from 43
years of 6-hourly NCEP/NCAR reanalyses and present a climatology of mean TR behav-
ior. On average, there are 4 - 5 rivers per analysis in the Northern Hemisphere and 5 in the
Southern Hemisphere. Northern Hemisphere TRs form and intensify near the eastern sea-
boards of Asia and North America. They move eastward and poleward during their lives
before weakening in the two principal graveyards: over the Gulf of Alaska and the region
to the southeast of Greenland. In comparison, Southern Hemisphere TRs are more evenly
distributed and tend to form in a band extending from the southeast coast of South Amer-
ica into the Atlantic, across the Indian Ocean, and throughout much of middle latitudes of
the Pacific sector. The corresponding genesis regions are also found to be adjacent to (or
slightly equatorward to) the maximum SST gradients in these regions. It appears that both
TR genesis and termination maxima tend to be displaced near the upstream equatorward
flanks of cyclogenesis and lysis maxima. We suggest that the TR formation and termina-
tion could be a leading predictor for the occurrence and decaying of extratropical
cyclones. TR axis length appears to be longer during the warmer season and in the South-
ern Hemisphere. The distance traveled by TR systems shows a broad distribution and a
sizeable fraction (-25%) of systems travel in excess of 3000 km. One unique feature is
that although TRs occur very actively over the Indian ocean sector with highly densed
tracks, large translational speeds, and intensities, they contribute little to meridional water
vapor transport, while the reverse situation can be found in the South Pacific where south-
ward transport is sometimes comparable to those over or off the east coast of South Amer-
ica. The rivers seem to account for a substantial fraction of the total meridional moisture
transport in both middle and subtropical regions.
Finally, we complete the TR climatology with an analysis of the variability and trends
exhibited by many aspects of rivers during the 43-year period. The annual average number
of TRs per analysis has undergone an overall increase during the last couple of decades
and is more significant in the Southern Hemisphere. The greatest increases occur in the
50'-30'S and 50'-70'N belts. We suggest that warming and cooling trends in surface air
temperature are accompanied, respectively, by increases and decreases in TR frequencies
(particularly in the Southern Hemisphere). We also examined the extent to which changes
in TR frequency and strength might be related to the variations in broader atmospheric
system such as the ENSO phenomenon.
The results of the mean and variability of TR behavior have added to our knowledge of
atmospheric water vapor transport and represent a data set which may be used to aid in the
understanding of the complex mechanisms governing the atmospheric circulation.
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Title: Professor of Meteorology
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Chapter 1
Introduction
1.1 General Remarks
Water vapor is critically important to life on Earth. The global and continental scale trans-
port of water vapor has important implications for climate variability and hydrology owing
to the following factors: (1) enormous amounts of energy are consumed or released upon
phase changes of water vapor; (2) the distribution of atmospheric water vapor may signifi-
cantly alter the efficiency with which the Earth system converts the incident solar radiation
to energy that is available for driving dynamic atmospheric circulation; (3) water vapor is
the principal greenhouse gas responsible for re-radiating the longwave flux emitted by the
heated Earth's surface; and (4) water vapor is a limiting factor in the functioning of the
biosphere, which exerts significant control over various hydrologic and atmospheric pro-
cesses. Furthermore, these factors are linked and have influential feedbacks on each other.
A detailed depiction of the atmospheric hydrological cycle may have significant relevance
to a variety of atmospheric chemistry investigations. Reliable water vapor distributions are
necessary for the accurate estimation of atmospheric oxidizing power and concentrations
of various chemical species. With its great mobility and brief atmospheric residence time,
water vapor is a central component of the global hydrological cycle. It is also of consider-
able interest to determine how the atmospheric branch of the hydrological cycle might
respond if the planet were to warm from the rise in greenhouse gases. Lorenz (1991) even
speculated "that the pressure systems of an earlier generation, which by 1970 were more
often called circulation systems, might some day be called water systems...".
Constructing a quantitative picture of water's cycling through its major reservoirs on
our planet is a complex, challenging puzzle involving scientists of many disciplines. At
present, we have only a rough, qualitative understanding of the earth's large-scale hydro-
logical cycle (National Research Council 1991, 1999). Its temporal and spatial variability
has been systematically explored only in relatively restricted regions or time periods, and a
completely consistent atmospheric branch of the hydrological cycle within the context of
the water budget balance has not been established. Understanding the mechanisms of cli-
mate change requires accurate estimates of the hydrological cycle and its linkages on both
regional and global scales. The importance of constructing this quantitative understanding
is underscored by the high priority the World Meteorological Organization has given to the
Global Energy and Water Experiment (Chahine 1992; National Research Council 1999),
which is coordinating numerous water cycle research projects worldwide.
Reasons for the scant quantitative knowledge of our atmospheric hydrological cycle
stem mainly from the lack of observations, especially over the oceans, and their spatio-
temporal variability. Rainfall and clouds often occur on quite small time and space scales,
so that a single point of precipitation observation may not be representative of more than
an area with dimensions of a few kilometers across or for more than a small fraction of a
day. The study of the atmospheric hydrological cycle has experienced a remarkable
renewal of interest in recent years due to the emergence of new observation and assimila-
tion techniques and new diagnostic approaches. There has been a significant number of
papers that have examined the behavior of atmospheric moisture and its transport. In the
next section, I attempt to give an overview of atmospheric water vapor transport studies.
Though not exhaustive and comprehensive, it will serve as a guideline of how we derive
our thesis motivation.
1.2 A Review of Previous Studies
Water vapor is transported in the atmosphere by molecular and turbulent diffusion, con-
vection, and advection. The vertical flux of evaporation from the oceans and the land sur-
face into the atmospheric boundary layer is accomplished by diffusion, and the vapor is
vertically mixed by diffusion and convection. On the temporal and spatial scales of lateral
transport, advection is the dominant mechanism. On these scales, water vapor can be
treated as a scalar admixture advected by the horizontal wind. Water vapor transport has
been a prominent subject of research in meteorology for more than several decades. The
list of contributions from observational works alone is immense. Early estimates of atmo-
spheric water vapor fluxes based on rawinsonde measurements helped to highlight both
the importance of the low-level winds for determining the moisture transport, and the
inadequacy of the rawinsonde network for obtaining accurate estimates of water vapor
flux convergence (e.g., Benton and Estoque 1954; Rasmusson 1967, 1968; Rosen et al.
1979; Peixoto et al. 1981; Salstein et al. 1983; Savijarvi 1988). The latter is a key quantity
that, if sufficiently accurate, offers the opportunity to estimate a number of other difficult-
to-observe hydrological parameters. For example, Rasmusson (1968) showed how evapo-
ration can be estimated over North America as a residual of the atmospheric water budget
provided estimates of precipitation are available. Furthermore, surface-subsurface water
storage changes can be estimated if the streamflow is known. While promising, that study
pointed to deficiencies in the atmospheric station data that limits the application to regions
with a high density station network and requires spatial averaging over a sufficiently large
area. This so-called atmospheric water balance method (or budget method), which was
presented firstly by Starr and Peixoto (1958), has been used substantially since then.
Although the rawinsonde network over major continents has changed little since these
early studies, there is now a vast amount of new operational data and information avail-
able. Several campaigns have been conducted or are ongoing with the major objective of
documenting the time/space variability of the hydrologic cycle in the atmosphere, at the
land surface, and in the upper oceans (International GEWEX project office, 1994). This
includes the GEWEX (stands for the Global Energy and Water Cycle Experiment) Water
Vapor Project (GVaP) and related NASA Water Vapor Projects (NVAP, Randel et al.,
1996), Global Precipitation Climatology Project (GPCP, Huffman et al., 1997), Interna-
tional Satellite Cloud Climatology Project (ISCCP, Rossow et al., 1991), and Global Run-
off Data Center (GRDC, Koblenz, 1994), etc.
As mentioned before, large radiosonde data gaps over the oceans, and even over some
land areas (e.g., Africa), limits our ability to define the global water vapor distribution.
The newer data sources, such as those from infrared and microwave satellite sensors, can
greatly enhance the global coverage on a daily basis. Examples of presently available
large-scale water vapor data sets include satellite microwave retrievals from the Special
Sensor Microwave Imager (SSM/I) data of Defense Meteorological Satellite Program
(DMSP) over ocean (Jackson and Stephens 1995), Television and Infrared Operational
Satellite (TIROS) Operation Vertical Sounder (TOVS) infrared retrievals over land and
ocean (Rossow et al., 1991; Wittmeyer and Vonder Haar, 1994), upper-tropospheric rela-
tive humidity from geostationary satellite (Schmetz et al., 1995), and a number of data sets
using special radiosonde measurements for research purposes on limited time and space
scales.
An attractive method for integrating the total information content of the data from a
heterogeneous mix of observations is the four-dimensional data assimilation (4DDA) pro-
cess which is part of the forecast/analysis routine. Operational weather forecast centers
such as the NCEP (the National Centers for Environmental Prediction, i.e., the NMC, the
National Meteorological Center prior to October 1995) and ECMWF generate consistent
global data despite model biases. The most promising data sets introduced recently are the
reanalysis products created by these two operational centers, and the same reanalysis
project is also carried out in the NASA Data Assimilation Office (DAO).
While 4DDA should in principle provide a description of the water vapor flux field that
is superior to that obtained from objective analysis of rawinsonde observations alone, such
expectation has not yet been convincingly realized for the vapor flux fields over the conti-
nents. Before 1980 the operational analyses did not permit a realistic evaluation of the
moisture transport. Early work by Rosen and Salstein (1980) using hemispheric gridded
analyses showed that the NMC analyses did not contain a mean meridional circulation and
water vapor values were too high. In recent years new estimates of the moisture fluxes
have been obtained by using the budget method applied to model or assimilation data.
Matsuyama (1992) compared the atmospheric flux convergence of water vapor to river
discharge in the Amazon Basin. He concluded that the seasonal change pattern of precipi-
tation shows good correspondence to that of water vapor flux convergence except that the
latter needs to be multiplied by a factor of 1.37 in order to match its annual value to the
annual river runoff. Roads et al. (1994) conducted a comprehensive study of the United
States hydrological cycle employing observations and the NCEP operational analyses.
While the results were generally encouraging, significant discrepancies existed between
surface water estimates from residual atmospheric moisture flux calculations and measure-
ments of pan evaporation. Trenberth and Guillemot (1995) investigated the applicability of
the analyses from NCEP and ECMWF to atmospheric moisture budget studies, but made
no final conclusions, stating that "there is no acknowledged source of truth" for water
vapor characteristics. Schmitz and Mullen (1996) utilized the ECMWF analysis data to
study water vapor transport into the Sonoran Desert during the monsoon period. They
pointed out that when only the mandatory level analyses are used, the ECMWF analyses
do not possess sufficient resolution to yield accurate estimates of highly differentiated
quantities such as the divergence of the vertically integrated flux of water vapor even at a
T106 resolution. Higgins et al. (1996) studied the moisture budget of the NCEP/NCAR
and the NASA/DAO reanalysis data sets. They found that both reanalyses overestimate the
climatological mean precipitation rates by nearly a factor of 2 over the southeastern
United States, and that there are substantial differences in the mean moisture divergence
fields. In another study employing the same two data sets, Mo and Higgins (1996) found
that the large-scale moisture transport is in general agreement in the two reanalyses
despite regional differences, and that the discrepancies of moisture transport in the tropics
are largely due to the divergent wind. Large and significant biases of moisture fields in the
tropics from NCEP analyses were also confirmed by Trenberth and Guillemot (1998).
Brahmananda et al. (1998) studied the moisture budget of the Walker circulation and
showed that the large differences in rainfall between the two contrasting years (El Niflo
_-1-1-1--11 "illft"
and La Nifia) in the western Pacific are accounted by the differences in the moisture flux
convergence. Cohen et al. (2000) evaluated the zonal-mean meridional transport of water
vapor across the globe using the 50 year NCEP/NCAR reanalysis and found that the val-
ues of transport tend to be notably larger than in climatologies derived from radiosonde-
only-based analyses, and that the interannual variability in the transport is marked by a
strengthening of water vapor transports over much of the winter hemisphere during ENSO
warm events. Hu et al. (2001) studied the moisture circulations during the NASA Pacific
Exploratory Mission in the Tropical Pacific phase B (PEMT-B) using also the NCEP/
NCAR data and suggested that there is a close relationship between the moisture circula-
tions in the tropics and the atmospheric oxidizing power.
The effects of variability of atmospheric water vapor and its transport on weather sys-
tems and regional climate cannot be researched further without numerical experiments.
Because of the high variability of water vapor in nature, such modeling efforts are still
occasional in spite of the urgent needs in understanding the structure and dynamics of
atmospheric water vapor and its transport, as well as the information needed for develop-
ment and validation of improved coupled model subcomponents. Water vapor processes,
including horizontal and vertical moisture transport, and formation of clouds and precipi-
tation, are among the least satisfactory aspects of the current climate models and numeri-
cal prediction models (National Research Council 1991). Gaffen and Barnett (1992)
compared interannual variations of specific humidity from radiosonde observations with
simulations from the University of Hamburg version of the ECMWF GCM and found gen-
eral agreement. More GCM simulation results on moisture flux have been compared with
the 4DDA analyses and the observations including satellite data (Roads et al. 1992; Boyle
1993; Soden and Bretherton 1994; Bony et al. 1995). Chen et al. (1996) conducted a ten-
year climate simulation using the NASA Goddard Laboratory for Atmospheres GCM as
part of their participation in the Atmospheric Model Intercomparison Project (AMIP).
They showed that the hydrological mechanism maintaining the annual variation of the glo-
bal precipitable water is coexistent with that of the observational study. Lau et al. (1996)
evaluated the hydrologic processes from 29 GCMs from the AMIP project and found that
while the majority of the models have a reasonable global water budget, about a quarter of
the models show significant errors in the total global water balance, and a systematic
underestimate of the frequency of occurrence of light precipitation events is present in
almost all the AMIP models. Gaffen et al. (1997) accessed the water vapor simulations
from 28 GCMs in AMIP and concluded that the models tend to underestimate the decadal
mean precipitable water by approximately 5% over North America and globally as com-
pared with radiosonde observations, and over the Pacific basin as compared with satellite
SSM/I observations. These models appear to overestimate the poleward flux of moisture,
which probably contributes to the general overestimate of atmospheric poleward energy
flux. High-resolution limited area models (LAMs) were also used to study the water vapor
transport over the continental scale or smaller to better address the problems encountered
by the GCMs. One such effort is discussed by Giorgi et al. (1993, and references therein).
They showed that it is possible to produce reasonable simulations of the regional hydro-
logic cycle by using the NCAR/PSU (Pennsylvania State University) limited area model
(MM4) with boundary conditions taken from ECMWF analyses. Berbery et al. (1996)
studied the North American continental-scale hydrology using the NMC Eta model (Eta is
referred to the vertical coordinate using a step-like mountain representation as a generali-
zation of the well-known sigma vertical coordinate, see Mesinger 1984). They found that
the diurnal cycle of the water vapor fluxes and their seasonal changes obtained from the
model forecasts are in good agreement with observations. Preliminary results from the
Project to Intercompare Regional Climate Simulations (PIRCS, an LAM version of AMIP
with 12 regional climate models involved, Gutowski et al. 1998; Takle et al. 1999) showed
that most models produced accumulated precipitation during the 1993 summer flood over
the upper Mississippi River basin within about 10% of observed amounts (Arritt et al.
2000).
For all the GCM/LAM related studies, it has been increasingly recognized that further
progress in atmospheric modeling is critically dependent on improving the simulation of
water vapor processes. Yet the inaccuracy of water vapor observations, analysis error, and
the vertical discretization of water vapor (which varies by several orders of magnitude)
into model layers are the three major difficulties. One promising approach that is worth
mentioning is the effort directed by both theoretical and empirical evidence that the analy-
sis and simulation of joint transport of mass, potential temperature, and water vapor is bet-
ter resolved in isentropic coordinates than in either isobaric or sigma coordinates. Johnson
et al. (1993) and the subsequent research (Zapotocny et al. 1993; Zhu 1997) emphasized
that the dry-adiabatic nature of the long-range transport of water when modeled in isen-
tropic coordinates precludes dilution and ventilation prior to condensation and thus results
in more accurate simulations. They suggested that isentropic modeling of the hydrologic
cycle will more accurately resolve precipitation processes that stem from long-range water
vapor transport.
While most studies of atmospheric water vapor transport mentioned above adopted an
Eulerian approach, the Lagrangian approach, which follows the moisture transport
through particular synoptic events, has seen a revival recently. Anderson and Oliver (1970)
described "cloud surges" or "tropical intrusions" as seen in pictures from geostationary
satellites. These surges were later termed "moisture bursts" since the associated high or
middle cloud bands transport moisture polewards and eastwards from the tropics
(McGuirk et al. 1987; Kuhnel 1989). Harrold (1973) described a well-defined flow which
he labelled the 'conveyor-belt' typically a few hundred kilometers wide and a few kilome-
ters deep, which flows parallel to and immediately ahead of the surface cold front. This
relatively narrow airflow is the most significant single feature in the production of precipi-
tation and conveys large quantities of heat, moisture, and westerly momentum poleward
and upward as well. Browning (1990) and Bluestein (1993) gave a more detailed review of
this phenomenon, particularly the warm conveyor belt (WCB). Newell et al. (1996, 1999)
showed evidence for the layering structure of atmospheric water vapor from several field
missions conducted over the Pacific and Atlantic oceans. Thin layers of atmospheric water
vapor were also found by Iselin and Gutowski (1997) in over half of the soundings they
examined from the Storm-scale Operational and Research Meteorology-Fronts Experi-
ment System Test (STORM-FEST). The examination was extended recently by Gutowski
et al. (2001) to include a follow-on project STORM-WAVE (Weather Assimilation and
Verification Experiment). They discovered that although the contribution of these thin
moisture layers to water transport climatology is small, episodes occur fairly frequently
where these layers contribute 20% or more of the horizontal transport.
Several new theories and algorithms have been developed recently in revealing the fea-
tures of atmospheric water vapor transport and its relation to the general circulation. Of
the most interesting one is a series of studies carried out by an MIT group (Newell et al.
1992; Newell and Zhu 1994; Zhu and Newell 1994, 1998). Computations of daily global
tropospheric water vapor fluxes show the presence of filamentary structures which were
called "Tropospheric Rivers" (TR in abbreviation for Tropospheric River throughout the
thesis), so termed because some of these filaments may carry as much water as the Ama-
zon River (Newell et al. 1992). A more detailed review on the current status of TR
research will be given in the second section of the following chapter. Here we mention two
recent independent studies related to the TRs. Smirnov and Moore (1999) gave an exam-
ple of TR observational validation. They presented a structure consisting of a chain of
moisture pulses coming into the Mackenzie Basin from the Pacific Ocean carried either by
low pressure centers or by the external parts of cyclonic eddies passing outside the basin.
The changes of the TR axis with season and the relation between the TR and storm tracks
in that area were also discussed briefly. Another interesting study was conducted by
Joseph and Moustaoui (2000) who investigated the Lagrangian transport of particles and
its role in the redistribution of moisture and rainfall in a monsoonlike flow using a simple,
dynamically consistent model of the heat-induced tropical circulation. The results indi-
cated that the transport, for finite times, is filamentary in structure and these moist fila-
ments become thinner and the rainfall becomes more chaotic and scattered in the upper
troposphere than in the lower troposphere in the vicinity of the dominant cyclone in the
Northern Hemisphere.
1.3 Thesis Motivation and Outline
Regardless of the numerous efforts made in the past decades to explore the atmospheric
branch of the global hydrological cycle, the mean behavior and variability of the atmo-
spheric water vapor transport are still not fully analyzed and understood. As mentioned in
the previous section, the Lagrangian approach to moisture transport study has clear physi-
cal relevance, yet the method has only sporadically been explored. No systematic clima-
tology has been established based on this approach because such efforts were largely
impeded by the nature of atmospheric water vapor transport (namely, the great mobility
and brief atmospheric residence time), the availability of data and its quality, and espe-
cially, a void of suitable objective techniques based on a Lagrangian approach. In attempt-
ing to advance our knowledge on the TR concept invented by the MIT group (Newell et al.
1992; Newell and Zhu 1994; and Zhu and Newell 1994, 1998) with a global setting in
mind, an automatic scheme to detect and track the TRs has been developed in this thesis,
and the related climatologies have been compiled making use of the most recent long-term
reanalysis products and other available new data sets.
Specific questions we will address in the thesis include: (a) Is an automatic scheme for
detecting and tracking the major moisture transport bands using the gridded data applica-
ble? (b) What are the mean behaviors of major atmospheric water vapor transport in terms
of TR? (c) How do these transports vary temporally and spatially? and (d) What are the
implications on numerical and operational weather forecasts?
The thesis can be outlined as follows: Chapter 2 contains more background material
concerning the tropospheric rivers. Various data sets utilized in the thesis and the compu-
tational method for vertically integrated moisture flux are also described in that chapter.
An automatic scheme for detecting and tracking TRs has been developed and described in
Chapter 3. We then pay special attention to the application of the scheme and the choices
of the detecting and tracking parameters. In Chapter 4, we present the first climatology for
the mean behavior of tropospheric water vapor transport in terms of TRs from the 43-year
NCEP/NCAR global reanalyses spanning the period 1958-2000. We seek to establish
where and when the rivers occur, the difference between the TR genesis and termination
rates, the characteristics of TR translational speeds, the strength of the moisture transport,
the TR track duration and length, and many other frequency and regressed quantities. The
analysis of the variability and trends exhibited by many aspects of tropospheric rivers is
conducted in Chapter 5, which serves mainly to be complementary to the mean climatol-
ogy discussed in Chapter 4. The extent to which changes in TR frequency and strength
might be related to the variations in broader atmospheric system such as ENSO phenome-
non is also examined. Finally in Chapter 6, we summarize our main results and sketch
some future research plans.

Chapter 2
Review of Tropospheric Rivers (TRs) and
Data Description
2.1 Introduction
One of the most remarkable features of atmospheric water vapor transport in both hemi-
spheres is the presence of intense, mobile filaments discussed in a series papers recently
(Newell et al. 1992; Newell and Zhu 1994; Zhu and Newell 1994, 1998). These filaments
are linked with daily weather over a significant fraction of the globe and, particularly, on
the coastal regions of continents. These filaments are associated with considerable fluxes
of moisture along with heat energy that is associated with the phase changes of water
vapor, and hence they play an important role in the maintenance of the global energy and
hydrological cycles. The study of these systems is an important component of understand-
ing the workings of weather and climate.
In this chapter, a review of the tropospheric river studies conducted so far is presented
in section 2.2. Following a brief description of the data sets utilized throughout the thesis
in section 2.3, section 2.4 introduces the method used to calculate the related water vapor
transport fields.
2.2 Gross Observational Features of Tropospheric Riv-
ers (TRs)
In seeking an explanation of the puzzling findings during the NASA Measurement of Air
Pollution by Satellites (MAPS) program (Reichle et al., 1990) on high values of carbon
monxide that was well removed from potential sources and in regions where neither verti-
cal transport in the free troposphere from the boundary layer nor horizontal transport by
the prevailing wind provided a straightforward interpretation, Newell et al. (1992) exam-
ined daily values of water vapor flux in the troposphere to see if there was any relationship
with the carbon monoxide transport problem. A significant meteorological phenomenon
emerged when observing the daily global tropospheric water vapor fluxes. Figure 2.1
shows two examples of calculated water vapor flux for October 12 and 13, 1991 (adapted
from Figure 1 in Newell et al. 1992, re-calculated using NCEP/NCAR data). It is evident
that the water vapor flux is concentrated into filaments in which the along-stream dimen-
sion is often many times the across-stream dimension. The filaments were termed "Tropo-
spheric Rivers" (TRs) by the authors because of their appearance and the water flux they
carry (some could contain as much water flux as the Amazon River which is near 1.65 x
108 kg sec- 1). These TRs are present at all times and move and develop in a coherent man-
ner. They found that there are typically four or five rivers leading from the tropics into
middle latitudes of both hemispheres on the daily water vapor flux maps and the same fila-
mentary structure was also visible on the Total Ozone Mapping Spectrometer (TOMS)
(a) October 12, 1991
(b) October 13, 1991
Figure 2.1: Vertically integrated water vapor flux vectors for (a) October 12, 1991 and (b)
October 13, 1991. Unit: kg m~1sec-1 (adapted from Figure 1 in Newell et al.
1992, re-calculated using NCEP/NCAR data).
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channel centered at 360 and 380 nanometers where ozone absorption is very small, reflect-
ing that the solar radiation originates from the cloud that often accompanies the rivers.
They estimated subjectively from the analysis charts that these rivers may persist for about
10 days or more while being translated generally eastwards at speeds of about 6 m sec-1,
which corresponds to the mean zonal wind at 850 hPa.
The morphology of TRs has been examined based on twice daily gridded data from
ECMWF (Newell and Zhu, 1994). A harmonic analysis of the vertically integrated water
vapor flux fields calculated from 1-yr data was performed to localize the areas with highly
variable moisture transport. Three frequency domains were examined with corresponding
periods shorter than 3 days, 3-6 days and longer than 6 days. The high frequency maps
(periods less than 3 days) turned out to show the highest amplitudes among the three
domains, indicating that river residence time in a region was shorter than that of the
cyclonic systems into which some of them were drawn. However, low-frequency harmon-
ics (with periods longer than 4 days) are harder to detect as a result of changes in the posi-
tion of the river axis. Examples of the resulting high frequency filtered flux vector maps
for January and July are given in Figure 2.2 (Figure 1 in Newell and Zhu, 1994). In Janu-
ary, large oscillation amplitudes corresponding to intense rivers are found in the North
Atlantic, North Pacific, South Atlantic, South Indian Ocean and South Pacific; except that
in the southwest Pacific, large maxima are in the middle latitudes. In July, similar large
amplitude features can be found except that South-East Asia is now also an important area
which is related to the presence of typhoons and other monsoon storms. The paper also
presented an interesting application of the river concept to the ice core data over Green-
land. It was suggested that rivers which terminate in regions where precipitation
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Figure 2.2: Amplitude of high frequency filtered water vapor flux components from har-
monic analysis. Unit: kg m sec-1. Upper: January 1992. Lower: July 1991.
(Figure 1 in Newell and Zhu, 1994).
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accumulates to form ice cores may originate from different sources at different times. If
the 6180 in the source region of the rivers is markedly different, then there may be changes
in 8180 in the ice cores which do not reflect local climate changes but rather changes in
the trajectories of the rivers. This was illustrated with an example of water vapor flux con-
vergence over the Greenland ice-core region from two separate rivers, one originating in
the southwest North Atlantic and the other in the central North Pacific. The salinities in the
two regions are about 36.7%o and 33.3%o respectively and 6180 at the water surface is
strongly related to salinity as both are controlled by evaporative processes. The implica-
tion that on some occasions there is a transfer of vapor between the ocean basins can be
traced in Figure 2.2 when the North Atlantic and North Pacific large amplitude regions are
joined across the Baja California - Gulf of Mexico region. The association between rivers,
frontal boundaries and storm tracks is also discussed.
Zhu and Newell (1994) also made an attempt in relating the TRs to the fast developing
cyclonic systems (referred to as "atmospheric bombs" after Sanders and Gyakum, 1980).
Case studies of rivers and bombs, using ECMWF sea level pressure to characterize the lat-
ter, showed that the maximum moisture-flux convergence occurring near the head of the
filament was often the position at which the cyclonic center was found 12 hours later. Fur-
thermore the water vapor flux convergence in that region, when converted to latent heat,
gave equivalent heating rates of 25-30 K/day which are close to those found in some indi-
vidual synoptic studies of bombs. It seems reasonable to conclude that when a river is
entrained into a cyclone in favorable circumstances, it can contribute to development by
latent heat liberation, enhanced vertical motion, and vortex stretching. The idea of rivers
and their association with cyclones is not new. For example, in a period when routine anal-
yses of moisture on isentropic charts were made, Starr (1942) pointed out that "moisture
emanating from the Gulf of Mexico may flow northward usually in the form of a rather
narrow tongue situated above a surface cold front so that the forward position of the moist
outbreak is found in the vicinity of a cyclonic disturbance at the ground." The idea of
using the TR concept to forecast "atmospheric bombs" is a brilliant one, but this possible
practical application relies first on the identification of the rivers (specifically the leading
edges of TRs), which may suffer from a clear objective definition and require tedious sub-
jective analysis for an individual forecaster. These are probably the reasons why there has
been no such attempt in this regard since the idea was proposed. Another question raised
in the same paper was how to quantitatively estimate the origins of the river flows. One
way of considering this was to combine the low level divergent wind field with the evapo-
ration rates from the surface.
A new algorithm that divides the water vapor fluxes into filamentary structures known
as TRs and broad flux fields was proposed by Zhu and Newell (1998). The results show
that the TRs may carry essentially the total meridional transport observed in the extratrop-
ical atmosphere, but may occupy only about 10% of the total longitudinal length at a given
latitude. It was shown that the transient fluxes in traditional Starr-type studies do not catch
the filamentary structures completely and may therefore underestimate the fraction of
transport assigned to moving systems, as well as lacking the geographical concentration.
The mean flow and eddy fluxes evaluated by the new algorithm are considered to be more
physically realistic.
Of all the TR studies mentioned above, one of the remaining tasks, and perhaps the
most difficult one impeding the practical use of the concept, is how to identify and track
the filamentary structures on a day-to-day (or even hour-to-hour) basis while forecasting.
2.3 The NCEP/NCAR Reanalysis Data
The National Centers for Environmental Prediction (NCEP) and National Center for
Atmospheric Research (NCAR) have cooperated in a reanalysis project to produce a retro-
active record of more than 50 years of global analyses of atmospheric fields in support of
the needs of the research and climate monitoring communities (Kalnay et al. 1996; Kistler
et al. 2001). This effort involved the recovery of land surface, ship, rawinsonde, pibal, air-
craft, satellite, and other data. These data were then quality controlled and assimilated
with a data assimilation system kept unchanged over the reanalysis period (The model
used for the NCEP reanalysis is a medium-range forecast T62 model, which is identical to
the one used for operational analyses of early 1994 except for the horizontal resolution.
There are 28 sigma levels in the vertical with seven levels below 850 hPa. The analysis
scheme is a three-dimensional variational scheme cast in spectral space denoted spectral
statistical interpolation). This treatment eliminated perceived climatic jumps associated
with changes in the operational data assimilation system, although the reanalysis is still
affected by changes in the observing systems. There may be three distinct periods during
which the observing system underwent certain significant changes, namely, the "early"
period from the 1940s to the International Geophysical Year in 1957 (when the first upper-
air observations were established); the "modern rawinsonde network" from 1958 to 1978;
and the "modern satellite" era from 1979 to the present (Kistler et al., 2001). During the
earliest decade (1948-57), there were fewer upper-air data observations and they were
made 3 hours later than the current main synoptic times (e.g., 0300 UTC), and primarily in
the Northern Hemisphere, so that the reanalysis is less reliable than for the later years. For
this reason, we exclude the pre-1957 era and use only the 6-hourly reanalyses spanning
from 1958 to 2000. The introduction of satellite data in 1979 resulted in a significant
change in the climatology, especially above 200 hPa and south of 50'S, suggesting that the
climatology based on the years 1979 - present day is most reliable.
It is difficult to observe atmospheric water vapor well for climate studies, which may
temper expectations for the insight the reanalysis can provide into the hydrologic cycle.
Part of this difficulty is due to measurement limitations inherent in even the most accurate,
routinely used instruments, rawinsondes (Pratt 1985; Elliott and Gaffen 1991; Wade 1994;
Elliott 1995). Standard humidity sensors carried by radiosondes are prone to error, plus
changes in these sensors can introduce biased discontinuities into the record. Satellites
may provide data covering the whole globe, but the data suffer from poor vertical resolu-
tion in the lower troposphere, where virtually all vapor transport takes place (Randel et al.
1996). Also, atmospheric water vapor exhibits substantial variability on relatively small
horizontal and vertical scales (Houze and Hobbs 1982; Iselin and Gutowski 1997), thus
impeding the ability of typical observation networks to capture water vapor's three-dimen-
sional distribution. The analysis scheme itself could introduce errors into analyzed water
vapor. For example, the underlying forecast model may tend to evolve its hydrologic cycle
toward a model, rather than real-world climatology (Donner and Rasch 1989; Slonaker
and van Woert 1999). These factors raise doubts about the quality of water vapor transport
computed from reanalyses. Indeed, Trenberth and Guillemot (1995, 1998) have suggested
that even a state-of-the-art reanalysis may be deficient in this regard. For example, over a
data-rich region like the central United States, estimates of the mean moisture-flux conver-
gence from this product differ significantly from that needed to balance independent, more
reliable streamflow data (Gutowski et al. 1997). Large-scale meridional transports of water
vapor calculated by Mo and Higgins (1996) for an overlapping period between the NCEP/
NCAR and the NASA/DAO reanalyses showed significant differences particularly in the
tropics in association with differences in the strength and location of winds in the lower
levels of the mean Hadley cell. Nevertheless, Gutowski et al. (1997) demonstrated that the
temporal variability of the mean moisture-flux convergence is more realistic, and Mo and
Higgins concluded that the NCEP/NCAR moisture-flux products are "able to depict inter-
annual variability related to the ENSO cycle quite well." Though one should always be
cognizant of the problems that may be associated with the NCEP/NCAR reanalyses, these
analysis products can still be regarded as one of the most complete, physically consistent
meteorological data sets. The more than four-decade period covered by these analyses
makes them particularly useful for our task.
NCEP optimal interpolation sea surface temperature (01 SST) data are utilized in our
study. The 01 SST analysis technique described by Reynolds and Smith (1994) was devel-
oped for operational purposes at NCEP. It follows the analysis methods of Reynolds
(1988) and Reynolds and Marsico (1993), which combine in situ and satellite-derived SST
data using Poisson's equation to produce 'blended' products, with an analysis of the sea
ice edge as one boundary at -1.8'C. The in situ SST data used consist of quality-controlled
ship and buoy observations available over the Global Telecommunication System (GTS).
Satellite data are obtained from the Advanced Very High Resolution Radiometer
(AVHRR) on National Oceanic and Atmospheric Administration (NOAA) polar orbiting
satellites. The SST retrievals are produced operationally by NOAA's Environmental Satel-
lite, Data and Information Service (NESDIS) and are available for the period of January
1982 through August 2000 on a 10 latitude and longitude grid.
2.4 Calculation of the Water Vapor Transport Fields
The atmospheric specific humidity and the zonal and meridional components of the wind
are variable in both space and time, i.e., the four-dimensional domain of these variables is
defined by latitude, longitude, pressure, and time in a geophysical coordinate system. Fol-
lowing Peixoto (1973) and Peixoto and Oort (1983), the dimensionality of the domain is
reduced to two by defining a vertically integrated, time-averaged vapor flux vector.
At a given point in space and time, a vector field of the advective transport of water
vapor by the horizontal wind is defined as follows:
qV = (qu)i + (qv)j (2.1)
in which q is the specific humidity, V is the horizontal wind vector, u and v are the zonal
and meridional wind components respectively, and i and j are the unit vectors in the zonal
and meridional directions, respectively. As a product of terms, qV increases with either
velocity or specific humidity; for example, slow-moving moist air may transport water
vapor at the same rate as less moist but fast-moving air.
For a vertical atmospheric column with a unit base, the vertically integrated water
vapor transport fields are obtained by taking the mass-weighted vertical integral of Eq.
(2.1), namely,
- the vertically integrated zonal water vapor flux per unit latitude
Q = g~J fC qudp (2.2)
300hPa
- the vertically integrated meridional water vapor flux per unit longitude
-1 PsfeQ D = g f300hqvdp (2.3)
- 300hPa
where g is the gravitational acceleration andpf is the surface pressure. The 6-hourly wind
and humidity at eight standard pressure levels (1000, 925, 850, 700, 600, 500, 400, and
300 hPa) with the horizontal resolution of 2.5' x 2.5' longitude/latitude, along with the
surface pressure psf with the same temporal and horizontal resolution, were used to form
QX and Qp. As vertically integrated quantities, QX and Qq, express the magnitude and
direction of the net transport of water vapor through the depth of the integration above a
point of the Earth's surface; a small value of either component does not necessarily imply
negligible transport at all levels in the atmosphere. Equations (2.2) and (2.3) may be aver-
aged over a time period to compute the corresponding mean values QX and Q,. It is also of
interest to calculate the water vapor transports for the upper troposphere. This can be
examined by using equations similar to (2.2) and (2.3) with the integration limits from 700
hPa to 300 hPa.
Chapter 3
A Numerical Scheme for Identifying and
Tracking Tropospheric Rivers from Grid-
ded Data
3.1 Introduction
So far many meteorologists have plotted the tracks of migratory cyclones or anticyclones
in order to understand the behavior of these systems (Petterssen, 1956; Zishka and Smith,
1980; Sinclair, 1997; Trigo et al., 1999; Simmonds and Murray, 2000a, b). Some were try-
ing to follow the troughs, ridges, and fronts associated with them (Bell and Bosart, 1989;
Lefevre and Nielsen-Gammon, 1995). Since water vapor is one of the most important ele-
ments that can directly affect the development, movement, and distribution of these synop-
tic phenomena, it is natural to think of a method that can be applied to identify and track
the water vapor and its transport, especially those major transport belts - the Tropo-
spheric Rivers (TRs), as described by Newell et al. (1992). It would be more meaningful to
compile a TR climatology with the object of describing and explaining TRs' impacts on
synoptic systems, global hydrologic cycle, and climate. So far no such attempts has been
made and there is no TR climatology and associated statistics. We believe that this compi-
lation of TR climatology could be an important contribution to climate study as well as to
in situ weather forecasting.
The exercise of recording moisture-flux maxima, identifying the TRs, and following
them from day to day has proven to be a very tedious and time consuming operation.
Moreover, where operational charts were used, inconsistencies may have arisen even from
the beginning in locating the moisture-flux maxima by different analysts. These inconsis-
tencies would be carried through all of the subsequent TR identifying and the tracking
stages (which needs the association of successive daily positions of TRs) later on.
To overcome these drawbacks, an objective and fully automated scheme is desired. The
Tropospheric River Identifying and traCKing Scheme (abbreviated as TRICKS) has been
developed to perform the work using gridded data that is available either in analyses, re-
analyses, or forecasting forms.
In this chapter, we will first give a detailed description of the scheme in section 3.2,
then the performance of the finding and tracking program will be evaluated and the choice
of some governing parameters will be discussed in section 3.3. It will be followed by a
summary of the chapter in section 3.4.
3.2 Scheme Description
Any objective scheme for identifying maxima or minima in a meteorological field needs to
have a sound physical basis, be robust in application, and yield realistic results. The
TRICKS is based on the Melbourne University numerical cyclone detecting and tracking
algorithm (Murray and Simmonds, 1991; Simmonds and Murray, 1999; and Simmonds et
al., 1999), which has been acclaimed as one of the most sophisticated and reliable auto-
matic schemes (Simmonds and Keay, 2000a, b). Their scheme has been used to reveal
many aspects of synoptic behavior when applied to the observational analyses (e.g. Jones
and Simmonds 1993, 1994; Godfred-Dpenning and Simmonds 1996), as well as to the
outputs of numerical modeling (e.g. Simmonds and Wu 1993; Murray and Simmonds
1995; Simmonds and Law 1995).
It is important to bear in mind that there are a number of assumptions which have to be
made in devising such a scheme and that these may have to be re-thought when the
scheme is applied to different atmospheric properties with different temporal and spacial
resolutions, global or regional grids, maxima or minima, vector or scalar, at mean sea level
or at upper levels, etc. Since the Melbourne University scheme was tailored to work with
Southern Hemisphere (SH) mid-latitude cyclones (i.e. the input field is the mean sea level
pressure in the SH), modifications must be made in order to accommodate the changes
that are peculiar to our problem and data set. In TRICKS, we expanded its capability to
identify and track the Tropospheric River. In fact, our scheme can be adapted to detect and
track any atmospheric properties that have maxima/minima aligned to a line (for instance,
a trough/ridge at 500 hPa) at any given vertical level (or integrated column quantities) on
either global or regional grids.
The rationale to consider a TR as a quasi one-dimensional feature is due to the observa-
tional facts that TR is filamentary in nature (i.e., its along-stream dimension is often many
times the across-stream dimension), and the moisture fluxes associated with a TR are
mostly aligned to the along-stream dimension. In addition, the resolution of the data used
to compute the moisture flux may not be sufficient enough to resolve the width of a river.
The flowchart of the TRICKS is sketched in Figure 3.1.
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Figure 3.1: Flowchart of the Tropospheric River Identifying and traCKing Scheme
(TRICKS).
There are four major stages involved in the scheme. Firstly, a procedure is developed
which enables the maxima of the moisture-flux magnitude field (so-called TR cores) to be
detected and accurately located. Each core will be assigned a status according to its shape
and strength. Secondly, the relationships among the adjacent cores are accessed to con-
struct the axes of rivers (this is essentially a pattern-recognition process). In the third
stage, a TR tracking procedure is designed to follow a river from its birth to termination.
Finally, a statistical routine is also included which allows various statistics of TR behavior
to be compiled from the recorded TR property information. The following subsections
will give a more detailed description of the flowchart.
3.2.1 Tropospheric River Cores (TRCs) Identification
a. Fitting the Water Vapor Transport Field
TRCs are objectively identified as maxima in the scalar water vapor transport field,
namely, the q field (where q = QI = + Q2, see the definitions in Chapter 2 section
2.4).
In order to locate the maxima of q more accurately, it was considered desirable to have
q specified on a conformal or near-conformal projection. For computational convenience
and because it has a map factor which can be taken to be locally constant, the polar stereo-
graphic (PS) grid is used in both finding and tracking programs. The latitude-longitude q
field was transformed by bicubic spline interpolation to a PS array centered on either the
North or South pole. To avoid loss of information upon regridding, the resolution of the PS
array should be at least as fine as that of the latitude-longitude data over most of the grids.
For the q field calculated with 2.50 x 2.5' latitude-longitude resolution, an 81 x 81 PS grid
was found suitable. At the resolution of the grid, which is characteristically of the order of
300 km, the grid spacing is comparable with the radius of many of the smaller high q
regions identified on operational charts.
After the grid transformation, a two-dimensional polynomial representation was used
to model the q surface between grid-points analytically; this was found to be most effi-
ciently achieved by fitting a bicubic spline function to the entire array. The q values
between the grid points q(xg+x, yj+ 6y) were interpolated by applying a Taylor's expan-
sion to q and its 15 derivatives using the following equation:
3 3
q(x, + 8x, y1 + 8y) = q , (3.1)
m=On=0
where
-aq'"*"
q ,n n =x m n (3.2)
x~ c x cay
b. Detecting the Positions of TRCs
A common method employed for finding maxima or minima from gridded data involves a
comparison of values at neighboring points. For instance, a high (low) center is deemed to
exist at a grid-point at which the value is greater (less) than that at any of a small number
of grid-points (4 or 8) surrounding it. This method has been employed in studies by Lam-
bert (1988), Bell and Bosart (1989), Trigo et al. (1999), etc. It is also a widely used tech-
nique in graphics utilities for plotting highs and lows on contour maps. The maximization
(minimization) may be taken over a larger number of grid-points to prevent clutter in this
type of application.
There are three major deficiencies related to the above technique. One is that a simple
comparison of grid-point values takes no account of the likely variation between grid-
points. The second one is the possibility of failing to identify some of the systems when
the grid spacing is of the same order as their expected dimensions. The third one is that
when the grid distance is not small compared to the expected system displacement
between analysis times, the approximation of system positions by grid-points tends to
result in a jerky checkerboard type of motion that complicates the tracking procedure and
almost rules out useful calculations of system translational speed. The problems referred
to may be alleviated by approximating the field surface through smoothly varying func-
tions. An obvious way of using them would be to interpolate the data onto a finer grid and
then carry out the comparison of values on the new grids. This has been done by Grotjahn
(1990) and others to construct small grids for matching features in analyses and forecast
fields.
While still only an approximation to the unknown form of the surface between grid-
points, it is nevertheless believed that a higher order fit, such as the one described in the
previous subsection, is a better approximation than the essentially linear representation. It
has frequently been found possible for the bicubic fit to compose a small high or low in the
absence of a nearby maximum or minimum grid-point value (i.e., Sinclair 1997). The
method employed here allows systems to occupy a continuous range of positions between
grid-points. For this purpose a two-step refining process was introduced in the detecting
procedure.
The q array is firstly scanned for the sites of 'possible' maxima by comparing the val-
ues at neighboring grid-points. To allow for the possibility that a shallow raised region
may not be detected by a local maximization of grid-point values, a less restrictive scan-
ning procedure has been implemented. This procedure seeks grid-points at which the
Laplacian of the q,
V2q (xi, yj) -= qxx + qy(3.3)
shall be smaller than at any of the eight surrounding points and smaller than a prescribed
negative value. The scanning technique resembles the method used by Le Treut and Kanay
(1990).
Once these 'possible' q maxima at grid-points are found, the finding program searches
for a local maximum qmx (usually not at a grid-point) from each of these points. This is
approached in an iterative way illustrated in Figure 3.2 and sketched by the following:
(i) An ellipsoid is defined by using the (interpolated) first and second space derivatives of
the q at the point, whose orientation 0 of the axes is given by
tan20 = 2 q4 (3.4)
qxx 
~~ qyy
and the second derivatives in the axial directions by
quu - q +q (X +qg (3.5)
qV - " " " "Xj+q, (3.6)
where u and v are coordinates taken from the center of the putative ellipsoid along the
major and minor axes, respectively.
(ii) The center of the ellipsoid becomes the next point in the iteration and a new ellipsoid
is defined. The iterative technique is a two-dimensional extension of the Newton-Taph-
son algorithm, which can be applied independently to the u and v coordinates,
(3.7)
qU(v (n)
Figure 3.2: An example of a q pattern (solid lines) and the contours and axes (u and v) of
the ellipsoid of best fit (broken lines) defined by the derivatives at the point Q.
(3.8)
Provided that a true maximum (i.e., a point at which the second derivative quu < 0 and
qu = qv = 0) can be found within a specified radius of search, convergence to within 0.001
grid units of the maximum normally occurs within three or four iterations. The numbers
and positions of centers identified by the finding program have been in good agreement
with those inferred from the contoured numerical analyses and will be evaluated in section
3.3.
c. Status of a TRC
According to its shape and strength, a TRC can be assigned to a status of either in the cat-
egory of closed and open, or in the category of strong and weak, or a combination of the
two (i.e., strong closed, strong open, weak closed, and weak open).
It is convenient to refer to TRCs as closed or open according to whether they possess
regions of closed contours or not. An open TRC could be as much important as the closed
one when identifying a TR. This is owing to the fact that TR is filamentary in nature and
TRCs found within a river may have less degree of symmetry.
The center of a closed TRC can be unequivocally identified with its point of maximum
value qm. using the method detailed in the previous subsection and is normally found
within one grid space of the V2q minimum, depending on the degree of symmetry of the
TRC. However, there is no such point exists in the case of an open TRC. A suitable way to
identify it would be to detect the inflexion point in the q surface near a V2q minimum. This
point of inflexion, i.e., the point of minimum q gradient which is nearly always associated
with a raised field, could be taken to indicate the most likely location of a closed system
below the limit of resolution imposed by the grid.
The procedure to find an open TRC can be illustrated by a hypothetical cross-section of
q shown in Figure 3.3.
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Figure 3.3: A hypothetical cross-section of q and its derivatives showing how two minima
of q~x (or V2q in two dimensions) A and B may be used as starting points in
the search for both closed and open TRCs.
Firstly, the TRC detecting procedure scans through the array for grid-points at which
V2q is minimized and each such position is taken as the starting point (e.g., the point A in
the figure) in the search for a q maximum. As mentioned before, if a closed TR exists, it
will normally lie fairly close to its associated V2q minimum, but will not be coincident
with it unless the TRC is exactly symmetrical. To show the principle of this, V2q is repre-
sented as a continuous function in the figure; in practice it is sufficient to minimize it from
grid-point values. Secondly, if a closed TRC cannot be found within a suitable radius of
V2q minimum (e.g., the point B in the figure), then the program will seek an open TRC by
attempting to minimize the magnitude of the q gradient starting from the same grid-point.
The position of minimum q gradient will be taken as the center of an open TRC.
Since the Laplacian V2q is not constant but normally increases rapidly away from the
TRC center, an average value of the V2q over a specified radius from the center can be
taken as a measure of the strength of the system. It also has the effect of smoothing the
normally somewhat noisy V2q field. This averaging procedure is done over every few
degrees of azimuth around a complete circle with a certain radial grid increment within a
specified radius around the TRC center. A radial grid spacing of 0.5' latitude, an azimuthal
increment of 20', and an average radius of 20 latitude around the center were found to give
good discrimination on TRC strength. The average is used not only to exclude insignifi-
cant systems but to discriminate between two status of TRCs, i.e., the strong and weak
TRCs. These classes are used in TR identification when connecting a group of TRCs
according to certain rules (see next section 3.2.2). The strong class is also used in the
tracking, which at successive times preferentially matches the status of TRCs. The
employment of these 'strength criteria' succeeded in disqualifying most of the closed
TRCs in regions of slack q gradients while retaining open TRCs marked by a significant
distortion of otherwise closely spaced contours.
It was found that not all the features identified have significance for large-scale mois-
ture transports. To try to eliminate these features, a multipass smoother has been applied to
the analyses prior to the TRC detecting procedure. This consisted of performing correc-
tions of Aq = (r2/4n)V 2q to the q field, where r is the diffusive radius (20 latitude), and the
number of passes (n) is set to 4. The effect of this is similar to the Cressman smoother
applied by Sinclair (1997).
3.2.2 TR and Tropospheric River Major Core (TRMC) Determination
In the next stage of the scheme, the relations among the nearby TRCs will be assessed to
determine whether they belong to the same TR. Among TRCs within a particular TR, one
will be designated as the Tropospheric River Major Core (TRMC) having general proper-
ties of its associated TR.
The procedure and rules for TR identification and TRMC determination at a specific
analysis time are as follows:
(1) The two components of moisture fluxes Qx and Q0 at the corresponding analysis time
are interpolated bicubically from grid points onto each TRC center. Thus the moisture
flux of each TRC is known.
(2) TRCs within certain range and transport directions are grouped according to a distance
screening and then a directional screening. This is achieved by assigning two TRCs to
different groups when the distance between them is greater than 3000 km, or the dif-
ference of moisture-flux directions is larger than 90 degrees. These criteria for TRC
grouping are established based on observations of daily moisture-flux maps and are
usually less restrictive. Although a lack of coherence or continuity in terms of TRCs'
positions and moisture transport directions can still be found within a resulting group,
this procedure serves largely to identify the gross TR-related features (i.e., the TRC
groups) and to reduce the number of TRCs within each group that will be further eval-
uated during the later processing.
(3) The status of TRCs (i.e., strong closed, strong open, weak closed, and weak open)
within a group are examined and the weak groups are filtered with the notion that a
river must contain at least one strong TRC (either closed or open).
(4) A group which contains only one TRC is filtered since a river must contain at least two
TRCs so that a geometric length can be obtained. Each TRC can only be counted once,
or not at all (the possibility of TR merging and splitting that requires multiple counts
of a TRC will not be considered in this thesis owing to its complexity).
(5) Up to this stage, only groups that contain multiple TRCs with at least one strong TRC
are retained. Within such a group, a more discerning consistency check for the adja-
cent TRCs is stipulated. A position sorting is applied firstly to align the TRCs to a pos-
sible TR axis. This is attained by sorting the longitudes of TRCs. Then every three
adjacent TRCs were subjected to a directional scan to prune out TRCs with anomalous
transport directions (where the angle between its moisture-flux vector and the possible
TR axis is greater than 45 degrees), and the remaining TRCs are connected to form the
TR axis. An illustration of such screening is given in Figure 3.4. After the position
sorting, the default possible TR axis would be simply connecting the TRCs 1 to 2 and
2 to 3. The directional consistency checking will screen through each Oabc (defined in
Figure 3.4) to rule out the TR axis when Oabc > 0c = 45*. For example, if (0 112 > Oc or
0212 > Oc), then points 1 and 2 will not be joined; further if, (0223 > 0c or 0323 > Oc) but
(0 113 Oc and 0313 Oc), then TRCs 1 and 3 will form the TR axis and TRC 2 will be
discarded. In case two axes from the same TRC both satisfy the directional criterion
(i.e., a TRC has been counted twice, which is a violation of rule 4 set previously), the
one which has the average transport direction closer to the TR orientation will be
retained (for example, if (0 113 5 Oc and 0313 5 Oc) and (0223 5 Oc and 0323:5 Oc), but
(0223 + 0323) <(0113 + 0313), then TRC 1 will be screened out and points 2 and 3 will
be connected). The same rules are applicable when the group contains only two TRCs.
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Figure 3.4: Directional consistency checking for three hypothetical TRCs (labeled 1, 2,
and 3) that may form the TR axis. Q1, Q2, and Q3 are moisture vectors inter-
polated onto the positions of each TRC; r12, r23 , and r13 are the possible TR
axis vectors (formed by connecting each pair of TRCs); 0abc denotes the
acute angle between the Q and r vectors, where subscript a indicates the
location of the Q vector (i.e., TRC label), and subscripts bc indicates the r
vector onto which the Q is projected.
(6) Several scans from step (3) through (5) may be necessary if there are inconsistencies
raised from applying different rules. Each resulting group will then be defined as a TR.
(7) The Tropospheric River Major Core (TRMC) is obtained by choosing the strongest
TRC (i.e., the minimum averaged V2q) within each TR.
Once a TR is defined, various TR properties such as the TR counts, each TR's length,
the averaged moisture transports of each TR, the tally of the TRCs within each TR, etc.
can then be easily computed.
3.2.3 TR Tracking
The tracking procedure is based on the projection of TRMC positions from one analysis
time to the next and the comparisons of the projected positions with those of the TRMC
analysis at the new time. A key assumption here is that TR moves following its TRMC.
Although this appears to degrade the TR from a quasi one-dimensional structure to a
'point' analogue, it is believed that the strength of a TRMC (i.e., the strongest TRC) could
be the least variable quantity within a TR, thus its position is a good representative for TR
movement.
The construction of TR trajectories could be achieved by searching for a center within a
selected radius of each TRMC position recorded at the previous analysis time. The diffi-
culty with this method is that in a 6-hour period TRMCs often travel distances which are
of the same order as their separations, so one is not always sure where each TRMC has
traveled during this period. To make the appropriate decisions a three-step procedure was
devised in which (1) a subsequent position is predicted for each TRMC, (2) a probability
of an association between the projected TRMC and each TRMC present at the new time is
calculated, and (3) a matching is made which maximizes the calculated probabilities of
association between the projected and new positions, allowing the tracks to be extended by
one analysis period.
a. TRMC Displacement Projection
The projected displacement of a TRMC depends on one or two velocity predictors: a
velocity based on the persistent movement of a TRMC during the previous analysis inter-
val: u,, and a velocity based on climatological movement of a TRMC at its latitude (or
latitude and longitude): u,1. If more than one be used, the prediction velocity ues, is a
weighted combination of the two, i.e.,
Uest = Wpmupm + (I -Wpm)Uci (3.9)
where wpm is a weighting factor and its value will be discussed later in this subsection. Fig-
ure 3.5 shows an illustration of this displacement projection.
The rationale behind equation (3.9) is that the influence of inertia is greatest at short
time intervals, but decreases relative to climatology with increasing time. Because the TR
climatological velocities uct are not known a priori, it is necessary to generate them by
doing several passes of the tracking and analysis, using progressively refined velocities.
An economic way of processing this is to calculate the zonally averaged output velocity
statistics first, then the results are fed back into the tracking program and statistics were
recalculated. This was repeated a few times until stable values were obtained.
In addition, a value of moisture-flux q at the new TRMC position can also be estimated
based on a weighted combination of persistence and its previous tendency,
qest(t + 8t) = q(t) + wq,[q(t) - q(t - 8t)] (3.10)
The weighting factor wqm quantifies the 'memory' of past motion and q tendency incor-
porated in the prediction. Similar estimates for zonal- and meridional- moisture fluxes are
Figure 3.5: A TRMC located at point A at time t-St moves to point B at time t, and is pro-
jected to point C at time t+6t. The new TRMC position C is predicted based
on weightings wp,, of the previous displacement, up.St, and (1-wp) of the dis-
placement based on climatological mean TRMC velocities, uc,8t.
also made at the projected position. For short time intervals a choice of wpm and wq, close
to or equal to unity would be expected, and for long intervals one would select values
closer to zero. On the basis of trials of the scheme, described later, weighting factors, wp,
= 0.80 and wq, 0.80, were found suitable for use with the data; these values imply a rela-
tively high memory of past motion and q tendency.
b. Probability Calculation
The tracking scheme relies on having suitable TRMC positions and accurate predictions
of TRMC displacement in order that the positions projected to the new analysis time lie
close to actual TRMC positions at that time. Because these expectations are not always
attained, it is necessary to establish criteria to decide how the projected and actual TRMCs
are to be associated, and which are deemed to have been born or to have died.
Probabilities of associations between predicted positions and actual positions at the
new analysis time are calculated between all pairs of TRMCs that fall within a critical or
pass radius of each other. Distances can either be calculated on the sphere or on a PS pro-
jection. The pass radius is a maximum equal to r, for strong closed depressions that are at
least two intervals in age. Each pair of predicted (m) and new (n) positions separated by a
distance r,,n<rc is assigned a probability based upon a decreasing function of their separa-
tion and central value differences. This is done by including a component of q differential,
Sq, in the 'radius',
r'mn = r2n + a(k xqmn) 2  (3.11)
where kad is an adjustable constant. The problem is then to find the combination of mutu-
ally exclusive associations for which the product of the probabilities is a maximum.
The probability function is given by
P = (Pax )n R 2 /[r + (. - rb)R2 ] (3.12)
where R = r',mn/r,, and rb is the parameter that determines the shape of the function (i.e.,
rb= 1 gives an inverted parabolic shape, rb> 1 gives a Cressman function shape, and rb < 1
yields a bell-shaped curve). P is set to zero should the above expression result in a nega-
tive value. The value of Pmnax is equal to Psta x Page which was adjusted to favor certain
TRMC associations depending on their status and ages. Pnax is a maximum when the two
TRMCs are coincident (R = 0) and zero when they are displaced at or greater than re (R>
1). In the common case of an old (defined as more than one analysis time interval) and
strong closed system, in which Pstat = Page = 1, the function decreases with distance rm,
becoming zero at radius re. When the TRMC at either the earlier or the later time is open,
Pstat is given a value of less than unity, and, when the TRMC at the earlier time is newly
found, Page < 1. This type of penalty scheme helps the identity of the stronger and more
established systems to be maintained. The rules for Pmaxcan be summarized as:
Pmax = Pstat X Page ;
1; for a strong closed TRMC
Estat =
P,,e,; for a strong open TRMC
P 1; for a TRMC more than one time interval old
age =
P,,,; for a newly formed TRMC
Values of kad= 0.35, rc= 12 ( latitude), rb= 0.5, Popen = 0.75, and Pne,= 0.75 have been
used with our data. In practice, the most probable combination of associations is found by
maximizing the sum of the probabilities. This maximization is achieved by sorting the pre-
dicted-new TRMC associations into groups and determining the ensemble of matched
pairs in each group with the highest overall probability.
An example of TRMC position grouping is illustrated in Figure 3.6. The associations
are arranged into groups such that each old and new TRMC only occurs within the critical
radius. The matching calculation finds the possible combinations of associations such that
any one TRMC shall occur in only one association within the combination. The combina-
tion with the greatest probability gives the matching for the group. Histories of the consec-
utive positions and central values of each current system are thereby extended by one
analysis interval, while those which are not paired up in this process are deemed either to
have been born or to have demised.
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Figure 3.6: Grouping of predicted (capitals) and new (small letters) TRMC positions. Val-
ues of Pm,, are given for possible matchings (arrows) of predicted and new
positions. In each group the combination of associations with the greatest
P,, is selected. The final associations are indicated by the arrows with solid
lines (see explanation in the text).
In Figure 3.6, there are two predicted (indicated by capital letters A and E) and two new
(small letters c and e) TRMC positions in group 1. Within group ] there are two possible
matches, i.e., (i) A-c, E-e with JP.= 0.7 + 0.4 = 1.1; and (ii) E-c with 1P,,= 0.8. The
former set has the highest probability in the group and is therefore selected. A case with
more predicted and new positions involved is presented for group 2 in the figure. The
resulting matches for group 2 are (B-a, C-b, F-d) with IP,, = 1.9. After deciding these
matchings we see that TRMCs D and G are defunct (no new TRMCs can be associated
with) andf is new (no predicted TRMC can be traced back).
Provisions for division and merging of TR tracks have not been included into the algo-
rithm yet.
3.2.4 Statistics Output
a. Statistical Variables
The last stage of TRICKS is to calculate various statistics for obtaining the average values
of a number of quantities from the accumulated information of TR locations, tracks, and
the associated moisture transport. The statistical program calculates both global (grid
point) and zonal averages of various statistical quantities. The statistical variables fall into
two groups, frequencies and regressions. Frequency quantities include TR densities, TR
track fluxes, and the rates of TR genesis and termination. These quantities are proportional
to the number (and lifespan) of participating systems and may decrease to zero in areas
where there are no TRs. Regressed quantities include TR velocity, measures of TR
strength (i.e., moisture fluxes), and the Lagrangian tendencies of these quantities. These
properties are not proportional to TR numbers and become undefined where there are no
TRs.
The lifespan of a TR is the interval between the first and last analysis time recorded in
the track history (TR genesis and termination). A minimum lifespan of at least four analy-
sis intervals (i.e., 24 hours) is imposed in order to exclude ephemeral systems from the
averaging and to enable the calculation of time derivatives (velocity and tendency).
In calculating TR frequencies, it is usual to normalize the resulting totals for averaging
period and grid size. For instance, frequencies of TR genesis and termination are obtained
from counts made at the first and last analyzed TRMC position of each track, respectively,
and are normalized for time and area. They refer to the number of new TRs appearing or
old systems disappearing per unit area per unit time.
TR density is the average number of TRs per unit area found in a particular region and
is calculated by summing contributions from all sampled TRMC positions (recorded or
interpolated along the tracks), and may be considered a measure of the proportion of the
time that a point will be under TR influence.
TR track flux is used to denote the average number of TRs passing within unit distance
of any point per unit time. It is usually preferable to calculate the flux as a vector quantity
whose eastward and northward components represent the net number of eastward (north-
ward) crossings per unit length of meridian (or parallel) per unit time.
Table 3.1 lists some of the statistical variables along with their units.
Table 3.1: List of statistical quantities
Quantity Unit
TR density #TR (olatitude)-2
TR genesis #TR (olatitude)-2
TR termination #TR ("latitude)-2
Average TR track flux #TR (*latitude)-' day-'
E-W TR track flux #TR ('latitude)-' day-'
N-S TR track flux #TR ("latitude)-' day-'
Average TR moving velocity m s-1
E-W TR moving velocity m s-1
N-S TR moving velocity m s-1
Average TR moisture flux (kg m- s-1)
E-W TR moisture flux (kg m-1 s-1)
N-S TR moisture flux (kg m 1 s- 1)
Average TR intensity V2q (kg m-1 s-1)(latitude)-2
b. Methods of Computation
Because a TR may travel over more than one grid square in an analysis interval, each TR
track is subdivided by interpolating it to a number of interpolated positions equally spaced
in time. This is done by fitting a cubic spline to the tracked positions in each coordinate
direction and interpolating to obtain the coordinates of the subdivided track. Spline fitting
is also applied to the q-related quantities; it permits easy calculation of the time derivatives
of the fitted quantities, i.e., velocity components and rates of change of TR moisture flux
and intensity.
For the zonal average analysis, TRs and their properties for each sampled (i.e. recorded
or interpolated) time are accumulated in latitude zones of specified extent and then nor-
malized for time and area as appropriate. For the grid point statistics, TR counts and its
properties are not assigned to grid cells, but rather are spread over nearby grid points using
a Cressman-like function, i.e., the average values of system properties were obtained by
contributing a weighted fraction of the value, Pk, of the quantity, p, at each sampled posi-
tion, k, to the total for each grid-point (i, j) within the radius rijk < r,1. The weighting fac-
tors were of the form,
2 2
Wj~k = r I- rilk (3.13)Wijk 2 2s 2 ij2 '
+ rijk(rslrs2 -)
where rijk is the distance between the grid point (i, j) and the sampled position k, r1 is the
pass radius at which wijk becomes zero, and rs2 is a parameter which controls the shape of
the function. The sum of the weighted values of the appropriate quantity p1 for each grid
point, taken over the entire run, was divided by the sum of the weights for the grid point,
i.e.,
PkWi j k
p,= k (3.14)
Y ijk
k
Values of rs, and rs2 are handled differently for frequency and regressed quantities (usually
with a smaller pass radius for frequencies) to ensure continuity of the analysis in poorly
represented locations and give an accurate but not too noisy plot. For frequency quantities,
each TR is given a weighting of unity, i.e., the sum of all the statistical function values dis-
tributed to the points within the pass radius are normalized to this value. In practice, values
of r,1 = 5* and 10* latitude were selected for frequency quantities (except for TR genesis/
termination where r, = 70 latitude) and regressed quantities, and r,2 was set to 2.50 latitude
for all quantities. For q-related quantities within a particular TR, the same average method
is used except grid-point (i, j) now is the location of TRMC and rsi is chosen as the 1.25
times the distance between the TRMC and the outmost TRC.
TR movement is calculated as its TRMC's average speed and its eastward/northward
components. The q-related quantities for a particular TR include the average TR moisture
flux with its zonal and meridional components and the average TR intensity (i.e., the mag-
nitude of TR moisture flux), all are calculated by averaging the corresponding variables
from the TRCs within the TR using the method described above. This procedure avoids
the point measures (for instance, using only the quantities related to the TRMCs) that
often fail to represent the true strength of a TR system.
Both the time interpolation and the analysis make use of the slow and smooth variation
of the map scale on the PS projection. A 1.5-hour interval is chosen for the time interpola-
tion and a constant map scale is assumed within the Cressman radius. Observations show
that TRs are less likely to cross the Equator and even less likely to travel large distances
from one hemisphere into the other. However, some precautions are needed when the track
data are global. To guard against distortions of the projected tracks which might affect the
spline fitting, tracks which stray more than 40 degrees into the opposite hemisphere are
disregarded.
3.3 Operation of the Scheme
The scheme was first tested with 6-hourly vertically integrated moisture flux calculated
from NCEP/NCAR reanalyses for the year 1993. The decisions of the detecting and track-
ing program are guided by a number of governing parameters. By adjusting the parameters
separately and comparing the plotted TRCs, TRMCs, TR axes, and tracks with those
arrived at subjectively from the successive daily charts, such as Figure 2.1, a usable (but
not necessarily optimum) set of parameters was derived. The performance of TRICKS
during the identifying and tracking stages are examined in the following subsections.
3.3.1 Performance of the TR Identifying Stage
On average, 44.6 TRCs and 10.7 tropospheric rivers were found globally by the scheme at
each analysis time for the month of January, 1993 (see Table 3.2). The largest category of
TR status is the strong closed one, representing nearly 55% of the total TRC number.
The parameter choices for TRC status classification were based on observations which
can be determined from the techniques applied with the manual procedures and a detailed
comparison of each analysis time. As mentioned before, the mean Laplacian V2q is taken
as a measure of the strength of a TRC in the algorithm. TRCs with strength less than -50
kg/m/s/( lat)2 are classified as strong systems, while those with strength between -30 and
-50 kg/m/s/( lat)2 are deemed as weak ones. The strength criteria were chosen to not only
filter out the insignificant systems but also retain a certain ratio between strong and weak
categories.
Table 3.2: Average number of TR cores (TRCs) with different status and TRs per
analysis for January 1993.
Total Strong Weak Strong Weak
TRCs closed closed open open TRsTRCs TRCs TRCs TRCs
NH 18.9 10.0 3.9 3.8 1.2 4.4
SH 25.7 14.2 5.1 4.5 1.9 6.3
Global 44.6 24.2 9.0 8.3 3.1 10.7
Figure 3.7 shows an example of the points at which TRICKS identifies TRCs for the
0000 UTC January 1, 1993. Solid symbols (circles or squares) indicate closed TRCs and
hollow symbols open ones (where 'closed' and 'open' TRCs are as defined in section
3.2.1c). In addition, circles denote the TRCs classified as strong and squares those as
weak.
In general, the agreement in locality is quite good. All strong closed TRCs found in the
digital data fall close to high centers marked in the manual analysis (figure not shown), as
well as many of the weak and open TRCs. However, by its nature, the automatic algorithm
identifies more TRCs than the manual analysis and most of these additional TRCs are of
the weak or open variety. There are several advantages in retaining these categories of
TRCs at the TRC detecting stage and pruning them out during the TR axis definition and
tracking stages. Firstly, most of these additional TRCs that are otherwise totally absent in
a manual analysis are often located near the heads or tails of the enlongated moisture-flux
features, as seen from Figure 3.7. Therefore, a more realistic TR structure can be defined
with the help of these TRCs. Secondly, some of the weak TRCs will turn out to be the
90N
Figure 3.7: Magnitude of water vapor flux field q (unit: kg m-1 s-1) and TRCs for the 0000
UTC January 1, 1993. The contour interval for q is 200 kg m-1 s-1. The points
at which the TRICKS algorithm identifies a closed (solid symbol) or open
(hollow symbol) TRC. Circles (in red) denote strong TRCs and squares (in
green) weak ones.
precursors of cores which later become strong, or to be the last remnants of strong cores.
By recording them, one is able to have a more complete record of TR development than
would be the case if they were recorded only after they had attained considerable intensity
or symmetry.
A total of 17 TRs was found at 0000 UTC January 1, 1993 with 6 rivers in the Northern
Hemisphere and 11 in the Southern Hemisphere. Although the numbers of total TRCs and
TRs identified at this analysis time are not representative for that particular month (see
Table 3.2), it is believed that larger quantities in each category are more relevant in reveal-
ing different aspects of the detecting procedure.
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Figure 3.8: Tropospheric rivers found by the TRICKS (indicated by the purple lines con-
necting the TRCs) at 0000 UTC January 1, 1993 along with vertically inte-
grated water vapor flux vectors (Unit: kg m-1 sec-1). TRCs associated with
each river are also plotted and the status symbols are the same as in Figure
3.7. TRs are alphabetically labeled from north to south according to the lati-
tudes of TRMCs.
The TR axes were plotted in Figure 3.8 along with the moisture-flux vectors and the
status of connected TRCs. The Tropospheric Rivers identified by our definition tend to fol-
low the moisture-flux filaments fairly closely. They exhibit significant similarity compared
with those judged subjectively. However, TRs identified visually (manual method) may be
absent or different from those detected by automatic method due to a set of more stringent
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rules being applied to the latter (for instance, one may define a swirling TR in the middle
of the northern Pacific near 160'W and 30*N, while the direction criteria set by the numer-
ical method can only associate the southeast part of the water vapor flux with nearby
TRCs that transport moisture towards the North America, i.e., TR C in Figure 3.8). Con-
versely, it is also possible that a TR detected objectively may not be apparent to an experi-
enced analyst (a plausible example is the TR L detected from ~ (125*E, 30'S) to - (135*E,
37'S) over the Great Australian Bight).
That open and weak TRCs do assist the TR definition is demonstrated in many TRs
including A, B, C, D, E, H, I, K, L, M, 0 and Q. There are two strong open TRCs forming
the head of TR B and two open TRCs (one strong and one weak) forming its tail. In one
situation, TR E has a weak closed TRC in the middle with strong closed TRCs at each
end. This may be an indication of two merging (or splitting) TRs with a weak linkage in
between, though there is no such discrimination design in the scheme. There are strong
moisture fluxes corresponding to the vapor associated by the Southern Pacific Conver-
gence Zone (SPCZ) over the Southern Pacific. The discontinuity of this moisture transport
belt as indicated by the three individual TRs (i.e., TRs H, I, and J) may be due to the inef-
fectiveness of the scheme in a situation when the directions of moisture fluxes change
swiftly in a relatively short range (i.e., near the dateline of the SPCZ in this example), and
a lack of a merging and dividing consideration as well. The failure of forming a coherent
TR where the moisture fluxes become retrograde in latitudes owing to large directional
changes, such as in the cases of the swirling TR in the middle of the northern Pacific and
the discontinuity of the TRs associated with the SPCZ, remains a challenge for our objec-
tive algorithm. Nevertheless, it is believed that the major features of the tropospheric rivers
can be realistically captured by the scheme.
3.3.2 Performance of the TR Tracking Stage
All tracks of TRs identified by the TRICKS for year 1993 are presented in Figure 3.9. To
reduce the clutter, only tracks that have lifetimes longer than 24 hours are plotted.
Figure 3.9: TR tracks for year 1993. Curves connect the positions of TRs surviving 24
hours or more. Dots mark the positions with 6-hour intervals.
There are a total of 811 paths during the whole year. A general impression is that the
TRs occur frequently in the mid latitudes in both hemispheres and also have longer life-
times there. The patterns of TR tracks appear to be in agreement with those of the storm
tracks, which is an expected feature since water vapor transport processes are closely
related to these migrating systems. More details of track statistics will be discussed in the
next two chapters.
Since the construction of TR tracks is based on the projection of TRMC positions from
one analysis time to the next and the comparisons of the projected positions with those of
TRMCs detected at the new time, as mentioned before, the problems that may be encoun-
tered in tracking are partly a consequence of using data spaced at 6-hour intervals, during
which the TRMCs may travel distances comparable with their separations. The 6-hourly
positions for each track (dot marks) are also indicated in Figure 3.9 and are seen to
progress in a fairly regular and consistent manner. This helped to justify not only the use
of fractional grid-point positions for locating TRCs, but also the three-step tracking proce-
dure devised in section 3.2.3 that eliminates many of the uncertainties due to the time dis-
continuity. However, the rules which must be imposed upon the radii of search make it
difficult for the scheme to anticipate sudden changes of movement which real TRs may
undergo. Nevertheless, examples of such sudden changes in speed and direction may be
discernible in a small number of tracks in Figure 3.9. We believe that the statistical basis
of the tracking program is consistent with the performance of its intended task within the
desired constraints on searching radii and other parameters. Sensitivities of the control
constants to the scheme are examined. A final set of these control constants defined before
have been used with our data (i.e., kad = 0.35, r,= 12 (0 latitude), rb= 0.5, Pn = 0.75, and
Pnew= 0.75). Though atmospheric water vapor and its transport may have large variability
in time scales less than a day, the method of using the TRMC as a TR's footprint appears
validated from Figure 3.9.
A more detailed example of a TR progressing over the northern Pacific that occurred at
0000 UTC January 6 and ended at 0600 UTC January 7 is exhibited in Figure 3.10. Open
TRCs were interspersed among the closed TRCs to form the axis of the same TR at each
analysis time with 6-hour intervals, and the strongest TRC chosen as the TRMC at each
time step was tracked by the scheme to render a coherent TR track. The river changed its
axial direction from a near SW-NE one to a N-S (indicated by the purple lines) as the
whole system translated from the SW towards the NE (the TR track). This picture gives
one example of a more concise depiction of the relationship between a TR axis and its
track that is often observed on a daily water vapor flux map, and more quantitative infor-
mation can be extracted from such practice.
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Figure 3.10: A TR progression history over the northern Pacific. The TR was tracked
(solid black line) from its birth at 0000 UTC January 6 through its termina-
tion at 0600 UTC January 7, 1993, with TR axes (purple lines) and the status
of TRCs indicated (status symbols are the same as in Figure 3.7).
While in the majority of cases the tracking program made the "correct" decision, there was
always a small number of apparent discrepancies which could not be eliminated whatever
adjustments were made to the controlling constants. Whether this was more a prob-
lem of data quality or rather a consequence of the complexity of atmospheric processes,
which are simplified and truncated in a computer analysis, is not clear. In any event, the
scheme appeared to be tracking in the desired manner most of the time.
3.4 Summary and Discussion of the Chapter
In this chapter, the Tropospheric River Identifying and TraCKing Scheme abbreviated as
TRICKS was described and evaluated. Owing to the inherent limitations of manual tech-
niques, the statistics for the water vapor transport from a Lagrangian view is nonexistent.
The scheme developed herein is believed to have substantially achieved the aim of provid-
ing an efficient and much needed tool for the study of atmospheric water vapor transport
and its climatology. It embodies several computational designs that are new to this context
and circumvents much of the labor that has hindered this work in the past. Although New-
ell and Zhu (1994) and Zhu and Newell (1998) calculated the TR statistics from an Eule-
rian standpoint, no documentation has yet been reported on the frequencies of TR genesis
and termination, and very little or no attention has been paid to the TR velocity, strength,
and lifespans. These remarks underline the need to conduct an objective analysis of TR
behavior to help us fill these gaps in our knowledge.
The accuracy of the outputs at different stages has been evaluated for the period of
1993 and specific analysis times within. The TRC detecting, TR identifying, and tracking
routines performed satisfactorily, but a number of difficulties were experienced under cer-
tain circumstances. Some of these difficulties encountered were peculiar to the data, the
time interval between analyses, and grid resolution used. For example, one problem asso-
ciated with weak and open TRCs is the accuracy and reliability of location since the
search is in the field of the Laplacian of q, which is a higher order quantity and therefore
more noisy even with averaging. The interesting thing is that even such weak cores do
seem to progress in a credible way and maintain their identities most of the time, a fact
that justifies their inclusion in the record. Therefore, the incorporation of open TRCs and
the exclusion of insignificant TRCs using the strength criteria were found to result in a
much more credible set of TR definitions and tracks.
Though not discussed in the chapter, it was seen that alterations in the detecting and
tracking parameters brought about moderate changes in TR frequency and regressed sta-
tistical quantities. For instance, a widening of the radius of search (re) or a milder discrim-
ination against open TRCs (greater Pope,) favors the continuity of tracks, thereby
increasing TR densities since fewer ephemeral systems are rejected.
From the preliminary results of this chapter, we are confident in applying the scheme to
study the climatological behavior (both mean and variability) of the TRs from a long
series of data, which are the contents of the next two chapters.
Chapter 4
Mean Tropospheric River Behavior
4.1 Introduction
The gross observational features of TRs described in chapters 2 and 3 show that these sys-
tems occur in preferred geographical areas and vary in intensity, frequency, and distribu-
tion during the year. Since TRs are such an important component of weather, climate, and
climate variability over the globe that play a central role in the maintenance of global cli-
mate and are responsible for a large portion of the poleward transport of heat and mois-
ture, there is an urgent need in determining their spatial and temporal distribution and
relating these to the observed general circulation. Despite the significance of this need, lit-
tle work has been undertaken in the past to document their behavior in an integrated and
comprehensive manner. This has been partly because of the tremendous investment of
time and effort required to identify and track TRs manually from a series of daily weather
maps or satellite images, as well as the lack of high quality data sets. The most relevant
contributions have come from an MIT group (Newell et al. 1992; Newell and Zhu 1994;
Zhu and Newell 1994, 1998) that utilized data sets limited to a short period less than a few
sporadic months or years. None established any automatic objective methods to identify
and track Tropospheric Rivers (TRs) from sequential analyses for a climatologicaly repre-
sentative period. Therefore there has been no climatology and associated statistics on TRs
and their tracks so far.
In this chapter we present a climatology of mean TR behavior for the globe which has
been constructed paying explicit regard to the points raised above. The data set that we use
are the NCEP/NCAR 6-hourly reanalyses spanning a 43-year period from 1958 to 2000.
The availability of these analyses was a major impetus to undertake the current task. We
will address TR variability for the same period of the analyses in the following chapter.
The TRICKS scheme described in the previous chapter enables us to assemble what is the
very first and probably the most reliable climatology of TRs. The seasonal mean climato-
logical behavior of TRs will be described in the next section. Section 4.3 presents the
zonal averages of various statistics. Section 4.4 will focus on the water vapor transported
by the rivers. This will be followed by a summary of results in section 4.5.
4.2 TR Seasonal Mean Climatology
4.2.1 General Counts
The statistics which follow have been compiled for all systems having a lifespan of at least
24 hours (i.e., lasting five or more 6-hourly positions) unless otherwise specified. Some
gross statistics of the counts of TRCs and TRs in both hemispheres are presented in Table
4.1. There are in excess of 10 TRs per analysis identified for the Globe. From limited data
resources, Newell et al. (1992) found subjectively that there are typically 4 - 5 rivers in the
Northern Hemisphere (NH) and 5 rivers in the Southern Hemisphere (SH). These numbers
are quite close to those identified by our scheme, i.e., 5.0 per analysis in NH and 5.3 in SH
on average. The TR numbers display seasonality with the maxima (- 6.3) being found in
summer time in both hemispheres, and minima (- 4.1) in spring in the NH and (- 4.6) in
southern winter in the SH. TRs occurring in winter and spring in both hemispheres appear
to be closer in counts that are fewer (- 40.9% in the NH and - 28.0% in the SH) than those
in the other half of the year. The numbers of TRCs that help to identify TRs are also listed
in Table 4.1. They have the same seasonality as TR numbers and the largest number was
found in JJA in NH (- 28.9). Of the 44.2 TRCs detected per analysis for the Globe, 54.3%
were strong closed; 21.0% were strong open; 16.7% were weak closed; and 7.9% were
weak open.
Table 4.1: Average numbers of TRs and TRCs (in parentheses) per analysis
DJF MAM JJA SON ANNUAL
NH 4.2 (17.5) 4.1 (17.8) 6.3 (28.9) 5.4 (23.2) 5.0 (21.9)
SH 6.3 (26.4) 5.6 (23.9) 4.6 (19.3) 4.7 (19.8) 5.3 (22.4)
Globe 10.4 (43.9) 9.8 (41.7) 10.9 (48.3) 10.1 (42.9) 10.3 (44.2)
The total numbers of TRs counted in each season when broken up by latitude belts 200
apart are listed in Table 4.2 and are also plotted in Figure 4.1. In all seasons the greatest
number of TRs is found in the mid-latitude band 300 - 50*S in the SH, and the second
Table 4.2: Counts of TRs found in a particular season and latitudinal band (200
apart) during the 43-year NCEP/NCAR reanalysis period.
DJF MAM JJA SON
90*N - 70*N 1 0 36 6
70ON-50ON 243 268 794 646
50*N-30*N 2699 2733 2639 2785
30ON-10*N 590 556 1250 893
10*N-10 0 S 560 274 278 400
10OS-30*S 888 723 660 511
30OS-50*S 3749 3791 3579 3427
50OS-70*S 400 514 147 197
70OS-90*S 0 0 0 1
100N 100S
Latitude Bands
900S
Figure 4.1: Total TR counts in different seasons and within different latitude bands 200
apart during the 43 year NCEP/NCAR reanalysis period.
maximum is observed in the belt 300 - 50'N in the NH which is - 25% less than the
former. The vast majority of TRs are found in these two belts which account for - 70% of
the total, reflecting predominantly river activities (i.e., water vapor transport processes)
there. Only - 9% TRs occur in the high latitude bands (to the north of 50*N and the south
of 50'S), and the rest (- 21%) reside in the tropical belts (30*S - 30*N). The seasonality is
stronger in the high latitude bands immediately to the north or south of the bands with the
maximum frequency, as well as in the tropical bands.
4.2.2 TR Density, Track Flux, and Translational Speed
The density of systems is defined as the mean number per analysis found in a 103 (olati-
tude)2 area. Figure 4.2 presents the TR spatial density (i.e., the distribution of TR occur-
rence) in the four seasons.
A survey of TR numbers in the previous section has shown that TRs are largely distrib-
uted in midlatitudes. The distribution of mid-latitude weather systems is known to be
determined by a number of factors, including the distribution of land masses, sea surface
temperature gradients, and the location and orientation of baroclinic zones. These condi-
tions are rather different in the two hemispheres, and hence it is not surprising that the dis-
tribution of TR density contrast significantly.
In the Northern Hemisphere, there are two principal regions of TR activity for all sea-
sons in middle to high latitudes best developed over the two ocean basins and least so in
the regions of the continents and tropics. The high density band in the North Pacific shows
a more zonal orientation in the winter and spring than that in the summer and autumn. The
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latter has a WSW- ENE orientation and extends further at both southwest (from near Japan
in DJF to the South China Sea in SON) and northeast ends (from near the west coast of
North America in DJF and MAM to the Gulf of Alaska in JJA and SON). The center of
highest density that exceeds 0.75 x 10-3 TRs (*latitude) 2 seems to migrate along the axis
of maxima with its position situated in between the western sector of the North Pacific in
spring and the eastern sector in autumn. In the Atlantic, there appears to be an enhance-
ment of TR activity during the summertime, while the overall orientation of the density
maxima displays little seasonality. It extends from east of North America toward Ireland
and the Norwegian Sea. However, large seasonal TR activity is observed over eastern
North America where high level of TR activity migrates north- and northeast-ward from
north of the Gulf of Mexico in DJF and MAM to near the Great Lakes in JJA and SON.
This is linked apparently with moisture transport activity from the Gulf of Mexico. The
center of density maxima has nearly the same magnitude as that in the Pacific and moves
along the axis when the season changes. Other localized maxima are seen next to the east
of the Philippines, southern Indochina Peninsula, and Persian Gulf in DJF; the Bay of
Bengal, southern Arabian Sea, and Caribbean Sea in JJA; near the South China Sea and
the Bay of Bengal in SON.
In the Southern Hemisphere, like many other climate variables, TR density maxima
exhibit a high degree of zonal symmetry in comparison with those of the NH. The NH
winter climatology exhibits large-amplitude standing waves (induced by continentality
and topography) and these are responsible for a significant poleward moisture and energy
transport. By contrast, in the SH the fluxes effected by these are small (van Loon 1979;
Peixoto and Oort 1992), which serves to underline the importance of transient distur-
bances in the maintenance of climate in that hemisphere. TR density maximizes between
300 and 50'S in the Atlantic and Indian Ocean sectors, and between 25* and 50*S in the
Pacific. Some local maxima are scattered over the west-central Indian Ocean near 15'S for
all the seasons except austral autumn (MAM), and next to the northern Australian coast in
DJF. The region just off the coast of Argentina is host to densities in excess of 0.75 x 10-3
TRs (latitude)~ 2 in DJF, as well as near 40*S, 60*-70*E in SON. An area of high densities
over the southeast Pacific that is weaker than those in the other two ocean basins experi-
ences a rapid seasonal change migrating southward and northward in its position from
SON to DJF and from DJF to MAM, with its southernmost position in DJF.
Figure 4.3 through 4.6 exhibit statistics for TR track fluxes and magnitudes for differ-
ent seasons. TR track flux represents the average number of TRs passing within unit dis-
tance of any point per unit time. Although TRs follow a great variety of paths as shown for
example in Figure 3.9 for the year 1993, there are preferred tracks.
In the NH, the areas of maximum fluxes can be found over the North Pacific and North
Atlantic Oceans. In the North Pacific there is a fairly general eastward and then northeast-
ward movement of systems from the east of the Asian coast, central North Pacific, into the
Gulf of Alaska for all seasons except JJA. During summer, the track fluxes have a more
northward component leading into the Bering Sea and Alaska, indicating a poleward dis-
placement of TR frequency during the warmer months. Not surprisingly, therefore, the
pattern is consistent with that of TR density. The magnitudes of track fluxes show that
there is a marked tendency for this region to experience a maximum concentration of TR
tracks in winter when the values exceed 10-2 TRs ('latitude)- day-1 (Figure 4.3b). The
same seasonality can also be found for the North Atlantic counterpart, which may not be
so clear on the TR density charts (Figure 4.2). The North Atlantic flux maxima generally
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Figure 4.4: Same as Figure 4.3 except for NH spring (MAM).
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Figure 4.6: Same as Figure 4.3 except for NH autumn (SON)
0
follow a ENE to NE direction and penetrate well into the Arctic Ocean for all seasons.
Again the southwest end of the magnitudes of dominant fluxes is located closer to the
North American continent with a pronounced northward shift into the Great Lakes region
during summer and autumn that is similar to the patterns of TR density.
In the SH, there is a fairly general east to east-southeast movement of TRs throughout
mid-latitudes, with maximum concentrations in the three south oceanic basins. In compar-
ison to the NH, the patterns of movement of TRs in the SH appear to have less longitudi-
nal structure. A noteworthy regional feature of the track flux is the strong channelling of
TR paths emanating from South America into the South Atlantic for all seasons.
The similarity between the patterns of TR density and those of TR track flux suggests
that the TRs are migratory in character, although it should be stressed that the alignment of
frequency ridges is not necessarily the same as the average direction of movement of TRs.
Newell and Zhu (1994) obtained a morphology of TRs by examining the amplitude of
high frequency filtered vapor flux components from a one-year record using harmonic
analysis (which is an Eulerian method). While some disagreement exists between their
results and ours on the extent and locality, it is encouraging to see that our patterns of TR
frequency and track flux, derived from a totally different method (which is based on a
Lagrangian approach), are in general consensus with their high frequency maps (shown in
Figure 2.2), although further insight and detailed statistics are readily provided by our
scheme.
An interesting topic is the relationship between river and cyclone activity since it has
been recognized for a long time that many covariance quantities such as the moisture,
transient eddy temperature, and vertical and horizontal momentum fluxes exhibit a strong
"storm track" signature (Wallace et al. 1988; Trenberth 1991). There have been many
studies of the synoptic climatology of storms, fronts, cyclone and anticyclone tracks, and
"storm tracks" (Petterssen 1956; Whittaker and Horn 1984; Wallace et al. 1988; Gyakum
et al. 1989; Trenberth 1991; Jones and Simmonds 1994; Sinclair 1997). The latter term is
often defined by the regions of maximum variance of geopotential height in the middle
and upper troposphere arising from disturbances with periods less than about a week. The
classical compilation of cyclone frequency and primary tracks followed by extratropical
cyclones within the NH is that by Whittaker and Horn (1984) for the four mid-season
months. Their cyclone frequency maps (Figure 2a through 5a in their paper) have the pri-
mary storm tracks extending from the east coasts of Asia and North America across the
Pacific and Atlantic oceans respectively, in essentially the same positions as the TR high
densities and track fluxes. There is also a fairly consistent poleward displacement during
the warmer months for the two different synoptic phenomena. However, Gyakum et al.
(1989) found the highest cyclone frequencies between 500 and 65'N during the cold sea-
sons that lie just to the north of strong TR activities. In the SH, storm track activity is
remarkably persistent throughout the year in both location and intensity as noted by Tren-
berth (1991). He found that storm tracks remain near 50'S year around and is strongest in
the southern Indian Ocean and weakest in the South Pacific. The former could be linked to
the TR coming out of Africa, or further upstream, to the strong TR activity out of South
America as mentioned earlier. James and Anderson (1984) have shown that the trade wind
easterlies, deflected by the Andes into the prevailing northwesterly winds over central
South America, may constitute a source of moisture which could be entrained in the mid-
latitude westerly flow. The high TR track fluxes there suggest that TRs may encourage the
growth of baroclinic waves over the South Atlantic, with downstream effects on high fre-
quency transient activity over the southern Indian Ocean. A similar but less persistent
mechanism was postulated over the central Pacific Ocean. In summary, it is clear that TRs
are fundamentally associated with or acting as energy pipelines to cyclone activity in
higher latitudes.
Figures 4.7 through 4.10 display the velocity vectors (computed as the weighted aver-
age of the velocity of all TRs passing near a data grid point) and vector magnitude isop-
leths for the four seasons. In general TRs travel in an easterly direction with a weak
poleward meridional component that increases with latitudes in both hemispheres. It is of
interest that the orientation of the migration vectors is similar to those of the track fluxes,
but the patterns of their magnitudes are different. In the North Pacific during DJF (Figure
4.7), large velocities (over 18 m s-1) were recorded from east of Japan eastward to near
170'W between 300 and 45'N, and to the north of 60'N near the Bering Strait. It appears
that TRs decelerate when translating eastward after crossing the dateline and northward
near 45'N, but may accelerate when moving further poleward after crossing 60'N, if they
can still be identified then. On the other hand, TRs move across the North Atlantic at rela-
tively smaller and more uniform speeds (- 15 m s-1). Some may accelerate over the east-
em Europe or to the north of 70'N between Greenland and Scandinavia, though such
events are rare since no significant system density occurred there (see Figure 4.2a). The
seasonality of the average TR velocity displays a degree of complexity. In general the mid-
latitudes show greatest migration velocities during the winter with an increase of typically
3 to 6 m s-1 over the North Atlantic and 3 to 9 m s-1 (from east to west) over the North
Pacific when compared to summer.
In the SH, the average TR migration velocity shows zonality with velocities increasing
poleward with latitudes. While the movement of TRs is dominated by a strong zonal sig-
nature, conspicuous areas of large mean velocities (over 18 m s-1) are observed in the
western South Atlantic, Indian Ocean, and in high latitudes over the South Pacific during
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Figure 4.8: Same as Figure 4.7 except for NH spring (MAM).
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Figure 4.10: Same as Figure 4.7 except for NH autumn (SON).
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all seasons. In midlatitudes over the South Pacific, the smaller velocities (compared to
those in the other two ocean basins) combined with relatively small system densities and
track fluxes indicate a slow migration of TRs over there, which is consistent with the
results of Leighton (1992, 1994) who found generally enhanced levels of anticyclone
immobility throughout the South Pacific indicating the frequent nature of blocking epi-
sodes in the region. In the southern Indian and South Atlantic Oceans, there is little evi-
dence for blocking activity, the mean TR velocity isopleths and the previously displayed
track flux suggesting generally progressive motion. The seasonality is less pronounced for
the SH, though a slight latitudinal shift of maximum mean velocity zones is discernible.
It should be pointed out that the general TR translation velocity of ~ 6 m s-1 obtained
manually by Newell et al. (1992) appears to be largely underestimated. Larger analysis
time intervals, small sampling, different methodology and data set in that study may have
resulted in this difference.
4.2.3 TR Genesis and Termination
The seasonal distribution of the area normalized temporal frequency of TR genesis is dis-
played in Figure 4.11.
In the NH, favored genesis areas include the warm waters over the Kuroshio Current
and Gulf Stream for all seasons. TR occurs mostly over oceanic regions but some may
develop over land such as over the southeast Asia during MAM and JJA, as well as over
the eastern North America. Other formation regions with values in excess of 0.4 x 10-3
(a) DJF
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(b) MAM
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11: TR genesis density in (a) DJF, (b) MAM, (c) JJA, and (d) SON. The unit is
10-- TRs (*latitude)-2 day- . The contour interval is 0.1 x 10-3 TRs (0lati-
tude)-2 day-1 . Values greater than 0.1 x 10-- are color shaded.
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TRs (0latitude)- day-' are found to the north of the Gulf of Mexico for all seasons (highest
during northern spring), the Bay of Bengal and the Arabian Sea in JJA, southern Indochina
peninsula in DJF, and near the dateline in JJA and SON. It appears that the two elongated
maximum TR genetic zones in the two oceanic sectors lie on the equatorward flank of the
mean SST gradient maxima near the eastern seaboards of Asia and North America during
winter (Figure 4.12a) and spring (figure not shown but similar to 4.12a), and nearly collo-
cated with the latter during summer (Figure 4.12b) and autumn (figure not shown but sim-
ilar to 4.12b). SST gradients are calculated from the NCEP Optimal Interpolation SST
data set (see data descriptions in Chapter 2 section 2.3) for the period of January 1982
through August 2000. This result is consistent with the cyclogenesis pattern of Whittaker
and Horn (1984) and Roebber (1984) who have noted that the regions of strong SST gradi-
ents are conducive in a climatological sense to the development of maritime cyclones.
In the SH, TR genesis is most prevalent in a band extending from the southeast coast of
South America into the Atlantic, across the Indian Ocean (maximized near the southern
African extreme), and throughout much of the middle latitudes of the Pacific sector (with
maxima near 120'W). The corresponding genesis regions are also found to be adjacent to
(or slightly equatorward of) the maximum SST gradients in these regions.
The distribution of TR termination shown in Figure 4.13, when taken in conjunction
with the corresponding TR genesis maps (Figure 4.11), indicates that a significant propor-
tion of the TRs born over lower latitudes of western oceanic sectors are mobile and move
eastward/poleward before dissipating over the higher latitudes of eastern oceanic basins
(more obvious in the North Pacific than in the North Atlantic). There is little TR termina-
tion activity over the warm Kuroshio Current region except in summer and autumn when
tropical cyclones which bring abundant water vapor from the tropics and dump it along
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their courses die to the south and east of Japan. The Bay of Bengal and the Arabian Sea
are also favored regions for TRs to end their tracks during northern summer (Figure
4.13c), and these are also areas of highest genesis (Figure 4.1 1c), suggesting that water
vapor transport is a local phenomenon in character there that is related to the South Asian
monsoon during this particular season. Similarly, the local maxima over northern Austra-
lia and the southern Indochina Peninsula during DJF bears the same signature. The weak
dissipation activity off the east coast of Argentina and the large number of TRs terminat-
ing just off the west coast of Chile are evidence of a blocking effect by the Andes and of
different TR origins over the Pacific and Atlantic in the SH. On the other hand, TRs origi-
nating over South America or in the Atlantic may travel through the southern Africa or to
its south, reinforce in the southwest Indian Ocean, and dissipate further downstream.
The difference between the genesis and termination rates shown in Figure 4.14 exhibits
a revealing picture of the relationship between the two statistics. The excess of genesis
over termination near the eastern seaboards of Asia, North America, and South America,
over southern United States, and over the southwest Indian Ocean is evident with
enhanced levels during all other seasons but DJF. TR termination exceeds generation in
the Gulf of Alaska that is also enhanced during the same seasons. Such regions can also be
found over the northeast Atlantic, off the west coast of Chile, and over the southeast sec-
tors of the South Atlantic and Indian Oceans. Aside from regional features, for the most
part genesis exceeds termination south (north) of about 45*N (45*S) in the NH (SH),
while the converse is true north (south) of this latitude. We stress, however, that while the
higher latitudes are TR "graveyards" in this mean sense, we have seen that there are non-
negligible levels of TR genesis in these regions.
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It is of interest to compare the patterns of TR genesis and termination to those of cyclo-
genesis and cyclolysis compiled by other studies (e.g., Sinclair 1997, Simmonds and Keay
2000). These cyclogenesis and cyclolysis compilations are only available for the winter
and summer seasons. In general, both TR genesis and termination maxima tend to be near
the upstream equatorward flank of those of cyclogenesis and lysis except for cyclogenesis
maxima occurring in the lee of major mountain ranges and over land due to the thermal
effect. We suggest that TR formation and termination could be a leading predictor for the
occurrence and decay of extratropical cyclones. For example, if a TR associated with a
cyclone terminates over the southeast Indian Ocean near 50'S in austral winter and spring,
the cyclone can not sustain itself poleward of 600S (where cyclolysis is overwhelmingly
found), a region largely covered with sea ice. Further case studies are needed in this
regard.
4.2.4 TR Axis Length, Lifespan, and Track Length
TR axis length is calculated by adding up the segments of distance between neighboring
TRCs within a TR. In general, a real TR's head and tail should be further apart than those
endpoint-TRCs obtained by our method. In other words, the TR axis lengths computed
here are always underestimated. Establishing a relationship between TR axis length and its
intensity has not been attempted largely because we have no quantitative clues for the
attenuation of water vapor fluxes near the head and tail and the situation could be even
more complicated during the lifespan of a TR and over different geographic locations (the
same can be said to the width of a TR). Although caution must be exercised in interpreting
the results, the quantity is more or less a reflection of TR strength since the moisture fluxes
associated with a TR are mostly aligned to the along-stream dimension. Table 4.3 gives
the mean axis lengths of TR per analysis for various seasons and in different hemispheres.
Perhaps one general observation can be made safely: River axis lengths appear to be
longer during the warmer season (JJA in the NH and DJF in the SH) and longer in the SH.
The longest TR length is found in the NH summer time (2653.9 km). On average, the axis
length of a TR is approximately 2284.0 km globally and annually.
Table 4.3: Mean TR axis lengths per analysis (km)
DJF MAM JJA SON ANNUAL
NH 2179.2 2143.9 2653.9 2144.4 2280.4
SH 2429.2 2351.2 2284.9 2248.4 2328.4
Globe 2293.6 2228.4 2448.9 2165.0 2284.0
Another feature of TRs that is important for understanding their role in weather and cli-
mate is their lifespan. TRs are intimately tied up with the index cycle, which dictates their
natural timescale (a discussion on the relationship between TRs and the ENSO index will
be presented in Chapter 5 that deals with the variability of TR behavior). However, the
variation of the Coriolis parameter, the location of the continents, the location of warm sea
surface and SST gradients, and the location of baroclinic zones means that these time-
scales would be expected to vary accordingly.
Mean TR track durations (i.e., TR lifespans) of the 36,238 TRs that have been tracked
for at least 24 hours during the 43-year period are listed for different seasons and hemi-
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spheres in Table 4.4. The data are also stratified into latitude bands with 200 apart (a TR
track is allocated to the latitude band in which it was located halfway through its life).
Table 4.4: Mean duration (in days) of TRs that have been tracked for at least 24
hours. A TR track is allocated to the latitude band in which it was
located halfway through its life. The numbers in the parentheses are the
standard deviations.
DJF MAM JJA SON
N.H. 2.00(1.18) 2.07(1.24) 1.93(1.11) 2.12(1.33)
S.H. 2.02 (1.22) 2.04 (1.20) 1.99 (1.12) 2.02 (1.16)
Globe 2.02 (1.20) 2.05 (1.22) 1.96 (1.12) 2.08 (1.26)
90*N - 70*N 1.09 (0.12) 1.41 (0.40) 1.62 (0.74) 1.44 (0.46)
70ON-50*N 1.58 (0.74) 1.55 (0.68) 1.71 (0.81) 1.70 (0.84)
50ON-30*N 2.06 (1.12) 2.22 (1.28) 2.03 (1.18) 2.19 (1.29)
30*N-10*N 2.07 (1.42) 1.98 (1.25) 1.99 (1.22) 2.27 (1.56)
10*N-10 0 S 2.00 (1.31) 1.94 (1.39) 1.78 (0.99) 2.03 (1.36)
10OS-300S 2.21 (1.52) 2.14 (1.42) 2.16 (1.36) 2.18 (1.42)
30OS-50 0S 1.98 (1.07) 2.06 (1.15) 2.01 (1.07) 2.03 (1.08)
50OS-700S 1.64 (0.74) 1.66 (0.76) 1.46 (0.69) 1.52 (0.63)
70OS-90*S 0.0 (0) 0.0 (0) 0.0 (0) 1.00(1)
The first three rows in Table 4.4 show for the four seasons the mean duration of all the
TRs in the NH, SH, and Globe, respectively. The body of the table shows a breakdown of
the durations into nine latitude bands, each 20* wide. This meridional distribution infor-
mation is also plotted in Figure 4.15 as well. There is evidence that the lifespan of TRs
does depend on latitude. It is seen that the TRs that are in the 100 - 500 latitude bands in
both hemispheres have longer lifespans (- 0.5 day) than those in the others with modest
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variations but larger standard deviations (see Table 4.4). On a global average, TR
displays a modest seasonality varying from 1.96 days in summer to 2.08 days in
0 !-"
90*N 700N 500N 30ON 10 N 100S 30"S 500 S 700S 900 S
Latitude Band
Figure 4.15: Zonal distribution (in latitude bands 200 apart) of mean durations (in days)
of TRs with lifetime longer than 24 hours. A TR is allocated to the latitude
band in which it was located halfway through its life.
When compared to the meridional distribution of TR counts shown in Figure 4.1, the
longevity of TRs appears to be much less affected by the geographic locality.
Figure 4.16 shows a histogram of the distribution of all TR lifespans that have a life-
time of at least 24 hours for all seasons in the NH, SH, and Globe, respectively. For all
three geographical averages, the distribution is strongly skewed and almost monotonically
decreases with increased track duration (with over 65% of the TRs registered in less than 2
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Figure 4.16: Frequency distribution of TR duration with a lifetime of at least 24 h (binned
in 6 hour intervals). (a) Northern Hemisphere, (b) Southern Hemisphere, and
(c) Globe.
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day periods and a much smaller number surviving one week or longer). This general struc-
ture is also reflected in the four separate seasons, as well as when the data are binned into
latitude bands. The longest TR duration was ~ 14.50 days. The strong skewness towards
short lifespan is consistent with the results from harmonic analysis by Newell and Zhu
(1994) who found that the high frequency components (periods less than 3 days) are the
dominant modes of rivers.
The average TR duration is a little over 2 days in either hemisphere. At first glance, this
number seems being largely underestimated when compared to that from subjective obser-
vations (- 10 days as estimated by Newell et al. 1992). One should alert that there is
always a propensity to overestimate a TR's lifespan using manual analysis (depending
how a TR is subjectively defined). On the other hand, a tendency of underestimation is
also obvious in our scheme since the TR genesis (termination) point is defined as the first
(last) TRMC which, according to its definition, must attain certain strength. The large
standard deviations showed in Table 4.4 suggest that there could be an exaggeration of the
difference for the lifespans obtained from the two methods. Nevertheless, the TR duration
derived here seems to be reasonable when contrasted to that of a typical cyclone, which is
about 3 days according to Simmond and Keay (2000a). The relationship of the time
frames between TRs and cyclones is an interesting topic which needs more case studies.
For example, Zhu and Newell (1994) made such an effort and have shown an example of a
case where the low pressure center moved over to the leading edge of a river 12 hours ear-
lier.
Another TR property that deserves attention is the distance it travels during its lifetime,
i.e., TR track length (computed by connecting the 6-hourly tracking positions between the
TR genesis and termination points). Figure 4.17 shows the frequency distribution of TR
116
Perce
15
12-
9-
6-
3
0
Perce
ntage (a) NH
1500 3000 4500 6000 7500 900(
ntage (b) SH
1500 3000 4500 6000 7500
Percentage (c) Globe
15
1 2 - --- ----- - 2 ------------------------------- -
9-------- ---- - - ---- ------------ - -- - --
6 ---- -- - -- --- - --- -- ------I ------- -- - --- ------ - I-- - ---- -- -
3 - - ---I- -- -- -- ------------ 1 - --+ - -------------- I --------- 
3 - - ----- ------------- -I - ----- --- - --- -- - - - - --- - - - - - - -- - - - --- -
012 ---------- -------
1500 3000 4500 6000
9000 K
7500 9000 km
Figure 4.17: Frequency distribution of TR track length (binned every 300 km) for (a) NH,
(b) SH, and (c) Globe. Legends: DJF (black open circle), MAM (red solid
circle), JJA (blue open square), and SON (green solid square).
117
-- - - -- - ----------- - ------------- ---------------- -------------- ---------------- -
- - - - - ---- ---- -  ---- ----- -------------- --- ---- - -
- -- -- -- -- ------------- - ------------ --- ------- ----- --------
-- ---------- -------------- I ----- --- --- ------ -- ---- - - - - - - -
- - - - - - - - -
12-
9-
6-
3
0
i
km
-------------- 
--------- -------------------------------- 
--------------- 
-------------- 
-
---------- -------- ---------------- ---------------- --------------------------------
--------------- ------------- --------------- --------------- ----------------
-- -- -- - -- -- -- - --I -- -- -- - ---------------- ---------------------------------
------------- -------------- ---------------- --------------
track length binned in every 300 km for all seasons and in the NH, SH, and Globe, respec-
tively. Table 4.5 gives the mean length of a TR track and its number. On average, about
10% of all TRs travel less than 900 km and approximately 65% travel between 900 and
3000 km. The plots exhibit a steady decay in frequency at the longer translation distances,
but a significant proportion of the systems travel in excess of 3000 km (-25%). Significant
seasonality can be found for both the track length and its number in the NH. Although TR
track number reaches its peak during the warmer seasons, large portions of TR track
lengths are strongly biased towards shorter translation distances compared to those during
the colder seasons. The shortest mean track length occurs in summer (1822.9 km), while
the longest is found in winter (2623.5 km). The same signature is retained in the SH
though less pronounced.
Table 4.5: Mean TR track lengths (km) and numbers (in parentheses)
DJF MAM JJA SON ANNUAL
NH 2623.5 2334.6 1822.9 2174.9 2239.0
(3694) (3615) (4755) (4455) (16519)
SH 2304.4 2455.3 2557.9 2491.4 2452.3
(5193) (5019) (4382) (4190) (18784)
Globe 2436.9 2404.7 2175.4 2328.2 2336.3
(8887) (8634) (9137) (8645) (35303)
An interesting TR behavior emerges when taken into consideration of the TR axis
length discussed earlier: warmer seasons host a larger number of TRs and TR tracks, with
shorter translation distances (not necessarily shorter lives) but longer TR axis lengths. It
suggests that a slow moving TR may enhance the chance for establishing a more coherent
filamentary structure.
4.3 Meridional Profiles
In this section we explore the zonal averages of a variety of TR statistics. The description
of the distribution and behavior of TRs by zonal averages is of considerable diagnostic
value. In addition such averaging may highlight features which may not be clearly evident
in the geographical figures.
4.3.1 TR Density
The zonally averaged TR densities are shown in Figure 4.18. One observes a sharply
Figure 4.18: Zonally averaged TR densities for DJF (black open circle), MAM (red solid
circle), JJA (blue open square), and SON (green solid square). Unit in 10-4
TRs (*latitude)-2
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peaked maximum of TR activity near 41*S and a somewhat broader and lower peak near
40'N through the year. A subsidiary maximum near 15*N that only occurs in JJA and less
pronounced in SON may be attributable to the Asian summer monsoon. System numbers
are very low with virtually almost no system encountered north of 80'N and south of
70*S. Overall, there is little seasonal variation in the amplitude of the midlatitude maxi-
mum (its value varying by less than 10% in the NH and 21% in the SH), and the distribu-
tion for DJF appears displaced to its southernmost position and that for JJA to its
northernmost by a few degrees with larger seasonality found in the NH.
4.3.2 TR Translational Speed
The latitudinal variation of the TR movement components are shown in Figure 4.19. The
peak eastward velocity in the SH occurs near 60*S to the south of the system density max-
ima. The eastward movement of TR in the NH is more complicated since it appears that
there are two maxima, one broad peak in the 25'-55'N zone and a sharp one near 73'N.
The speeds of eastward movement fall away rapidly at higher latitudes in both hemi-
spheres. The results may be compared with the meridional profiles of the vertical- and
zonal-mean values of the zonal wind component shown by Peixoto and Oort (their Figure
7.20a, 1992). Though the amplitudes are similar, the peak of the mean zonal wind in the
SH tends to be biased equatorward and there is no corresponding secondary high latitude
maximum in the NH exhibited in Figure 4.19a.
It is of interest to note that the meridional translational speed increases almost monoto-
nously from near zero at the equator to - 11 m s~1 at high latitudes before falling away
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Figure 4.19: Zonally averaged TR translational speed with (a) E-W and (b) N-S compo-
nents, respectively. Unit in m s~1. Legends: DJF (black open circle), MAM
(red solid circle), JJA (blue open square), and SON (green solid square).
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near the circumpolar regions (Figure 4.19b). When compared to the same component of
cyclone translational velocity obtained by Murray and Simmonds (1991) which is only
available for the SH, the opposite trend can be observed, i.e., average southward move-
ment of cyclones was higher in mid-latitudes (25'-50*S) and diminished towards high lat-
itudes. The peculiarities of TR movement and the dynamical reasons for them warrant
further investigation. For example, can any relationship be established between the move-
ment of TRs and that of cyclone systems into which some of the rivers were drawn?
4.3.3 TR Genesis and Termination
The meridional distributions of TR genesis and termination shown in Figure 4.20 are sim-
ilar to each other and also to that of TR density (Figure 4.18). As noted before, the distri-
bution of TR termination is biased poleward to that of genesis (more so in the NH), with
formation being predominant near 37.5*N (38.75'S) and dissipation near 42.5'N
(43.13'S) in the NH (SH) annually. In the subtropical region of the NH, the subsidiary
genesis and termination maxima during summer and in covariation in other seasons are
closely related to the summer Asian monsoon (see also in Figure 4.11 c), indicating the
locality of TR activities by character there. The same can be said of the covariance of the
genesis and termination curves in the subtropical area of the SH which may be related to
the Northern Australian monsoon (see also in Figure 4.11 a), though less pronounced and
out of phase compared to those related the Asian monsoon.
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Figure 4.20: Zonally Averaged TR (a) genesis and (b) termination. Unit in 104 TRs (*lat-
itude) 2 day-. Legends: DJF (black open circle), MAM (red solid circle),
JJA (blue open square), and SON (green solid square).
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4.4 TR Moisture Fluxes
4.4.1 TR Strength and Meridional Transport
We discussed earlier in Chapter 3 the use of averaged magnitude of TR moisture flux over
the associated TRCs within a TR as a measure of its strength, and the resulting value was
assigned to the location of its TRMC. Therefore, the mean water vapor transport accom-
plished by an individual tropospheric river is equal to its mean flux multiplied by the river
width. Since the scheme hasn't included an algorithm to estimate the individual width of a
river yet (this is largely owing to the poor resolution of the input data to resolve the across-
stream river structure), a work-around TR width estimation scheme is designed based on
the method proposed by Zhu and Newell (1998). Zhu and Newell developed a procedure
by sorting the water vapor fluxes at each grid point along a given latitude into two groups:
those exceeding a certain limit related to the mean value at a given latitude, i.e., the river
fluxes; and the rest, so-called the broad fluxes. The river fluxes in their study are defined as
those with magnitudes greater than certain criterion, i.e.:
Q ' Qmean + 0.3(Qmax -Q mean) (4.1)
where Qmean denotes the zonal mean along a given latitude of the magnitude of the flux;
Qmax is the maximum flux along that latitude. The value of 0.3 was selected because it
gave the best preservation of the river structure. Therefore, the zonal extent occupied by
all rivers along a latitude can be estimated when the river fluxes found in our objective
scheme met the criterion set by equation (4.1). When divided by the TR number at that lat-
itude, an individual TR's zonal scale can be derived (we assumed here that the zonal scales
of TRs at a particular latitude are the same, an assumption that is clearly opposed to the
observations but could be more or less justified by the narrowness and small standard devi-
ations shown by the widths of the subsequent movements of TRs on the moisture flux
charts). This zonal scale is usually greater than the width of a river since rivers do not lie
meridionally in general. As illustrated in Figure 4.21, river width W = L sin 0 , where L is
the river zonal scale. Thus, mean TR moisture flux across the location of TRMC would be
equal to Q W = QL sin 0 with its zonal and meridional components of QXLsin0cos0 and
Q Lsin2o, respectively (superscript r denotes river). Note the difference between the unit
of the river flux calculated here (kg s-1) and that of flux Q (kg m-1 s1).
Figure 4.21: A hypothetical mean TR moisture flux vector with direction 0, its width W
(W= ab), and its zonal scale L (L = cb).
125
0
At any instantaneous moment, unlike other frequency and regressed statistical quanti-
ties, after the influence of this averaged TR moisture flux at each TRMC was spread over
nearby grid points using a Cressman-like function described in section 3.2.4b, the result-
ing moisture vectors at nearby grid-points were subjected to a correction constrained by
the total water vapor transported by the river, i.e., the sum of the production of zonal
(meridional) gird-point river vectors Qi, (Qig ) multiplied by their corresponding longitu-
dinal (latitudinal) grid distances dXi (d ,), should be equal to the total zonal (meridional)
TR moisture transport:
JQgid~i = QrLsin~cos0 (4.2a)
Qg;d = Q L sin 20 (4.2b)
Where superscript g represents the values at grid-points and i denotes the grid-point
involved.
When defined this way, the seasonal mean TR moisture flux vectors and their magni-
tudes are shown in Figures 4.22 through 4.25. The most intense TRs in the NH are seen to
lie over the western portion of the two oceanic basins with maxima somewhat poleward of
the regions of maximum density (see Figure 4.2) during all seasons. Figures 4.24 and 4.25
show that the systems are also significant in the region of the Asian summer monsoon,
with the most intense found along the east coast of China to the south and east of Japan
collocated with the TR density maxima. This is a well known fact that there is a large
amount of water vapor transport over these areas during this season. The transport maps
show large changes in the water vapor flux vectors every day, and the persistent monsoon
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Figure 4.22: Mean TR moisture flux vectors and magnitudes for NH winter (DJF). (a)
Mean TR moisture flux vectors. The vector at the bottom represents 120 (kg
m-1 s1 ). (b) Magnitudes of the TR moisture fluxes. The unit is (kg m-1 s-1).
The contour interval is 5 (kg m-1 s-1) with values greater than 55 (kg m~1 s-1)
color shaded.
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Figure 4.23: Same as Figure 4.22 except for NH spring (MAM).
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Figure 4.24: Same as Figure 4.22 except for NH summer (JJA).
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Figure 4.25: Same as Figure 4.22 except for NH autumn (SON).
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circulations are supported by transient filamentary moisture fluxes and other disturbances
on a scale less than that of the monsoon system. Broadly similar remarks on the colloca-
tion of the maxima for TR moisture transport and its density may be made over the west-
ern Atlantic (in both hemispheres) and Indian sectors, except that the intensity maxima in
the South Pacific lie near 110*-150'W slightly to the north and upstream of high TR
activities. In each hemisphere, the strongest TRs occur during the corresponding summer-
time over the northwest Pacific and off the east coast of South America, respectively. In
general, water vapor transported by a TR in the NH is directed to the left of its track orien-
tation (see the TR translational directions in Figures 4.7 through 4.10), while the reverse is
true in the SH. Combined with the TR genesis and movement information, there is an evi-
dence that during the summer, TRs born near the eastern seaboard of Asia tend to have a
slower translational speed moving east-northeastward and stronger intensity. On the other
hand, TRs developed over northwest Atlantic, though more frequent during the same sea-
son (JJA), have also a slower migrating velocity but weak intensity compared to other sea-
sons. The strongest TR occurs during the wintertime over that sector (Figure 4.22). This is
an interesting result that warrants further investigation. For instance, could these differ-
ences be related to the particular characteristics of tropical cyclones (i.e., the sizes, inten-
sity, frequency, etc.) in the two oceanic basins?
As expected, the region that is host to the strongest TR in the SH is found off the east
coast of South America. TR strength peaks during DJF and persists throughout the year
there. Other TR strength maxima with large seasonality can be found over the southern
Indian and to the east of dateline of the South Pacific sector.
Figure 4.26 illustrates the frequency distribution of individual TR moisture strength
binned in every 50 kg m-1 s-1 for all seasons and in the NH and SH, respectively. A Gaus-
sian-like distribution for the TR strength is evident in both hemispheres with more skew-
ness in the SH, suggesting a higher percentage of TRs has a similar strength in the SH.
Over - 40% (- 50%) of TRs have the strengths around 600 kg m-1 s- in the NH (SH).
Again, larger seasonality of TR strength can be found in the NH.
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Figure 4.26: Frequency distribution of TR strength (binned in every 50 (kg m-1 s-1) for (a)
NH and (b) SH. Legends: DJF (black open circle), MAM (red solid circle),
JJA (blue open square), and SON (green solid square).
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Perhaps a more relevant piece of information that needs to be extracted from TR
strength is its meridional component. This is owing to the fact that of the total energy typ-
ically carried by the atmosphere across midlatitudes toward the poles, nearly half is in the
form of latent heat associated with the meridional flux of water vapor (Rosen 1999, his
Figure 1.4). The meridional moisture flux contributed by TRs may, therefore, have impor-
tant consequences for weather and climate. When examining the meridional component of
TR intensity (Figure 4.27), a couple of interesting results stand out. The northward trans-
port of water vapor by TRs peaks over the Bering Sea and the Gulf of Alaska in the North
Pacific sector during northern winter (DJF). During summertime (JJA), moisture is carried
by TRs to the north near the coastline of eastern China and up to near 60'N along about
120'E. It appears that the northward transport of vapor by TR is more efficient in higher
latitudes and during a TR's decaying stage. The latter is especially true for the winter sea-
son (DJF), indicating that the TR axis aligns to a more north-south orientation when trans-
lating into its 'graveyard' (the river example shown in Figure 3.10 exhibits such a
signature). That the maxima of northward moisture transport occur more broadly in higher
latitudes in the North Atlantic is consistent with the distributions of other statistical quan-
tities such as the system density and track flux (i.e., the axes of these maxima incline to a
more N-S direction compared to those in the Pacific).
In the SH, the most significant southward transport occurs just east of the Andes and
extends into the South Atlantic throughout the year. Contrary to that in the NH where the
TR meridional fluxes peak mainly in the middle to high latitudes, the same components in
the SH have their maxima mostly in the midlatitudes, some even locate in tropics (e.g.,
Figure 4.27d near 5S, 140*W-170'W). This indicates that TR axes tend to be more N-S
oriented due to the topographic effect over South America or to some mechanisms related
to the South Pacific Convective Zone (SPCZ). Perhaps the most appealing result shown in
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Figure 4.27: Mean magnitudes of meridional TR moisture fluxes in (a) DJF, (b) MAM,
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Figure 4.27 is the lack of large meridional transport over the southern Indian Ocean sector,
where almost all the other statistical quantities exhibit significance there. It is evident that
although TRs occur very actively over this area with highly densed tracks, large transla-
tional speeds, and intensities, they contribute little to meridional water vapor transport.
The situation is somewhat reversed in the South Pacific where the southward transport is
sometimes comparable to that over or off the east coast of South America. The seasonal
signal shown by following the latitudinal shift of the zero transport line is in good agree-
ment with the ITCZ migration over the western oceanic basins.
4.4.2 Meridional Profiles
Traditionally, to computer the mean meridional water vapor transport across each latitude,
the vertical- and time-mean Q, is averaged around the entire latitude circle and the result
is multiplied by the length of the circle. The same procedure is applicable in the case of
tropospheric rivers using their seasonal mean meridional fluxes displayed in Figure 4.27
except that the latitudinal length where there are no TRs (i.e., the blank regions on the
maps) should be subtracted from the whole circle.
The meridional profiles of the zonal and meridional vapor fluxes of TRs computed
through above treatment are presented in Figure 4.28. A comparison with the latitudinal
variations of the total zonal transport of water vapor plotted by Peixoto and Oort (their
Figure 12.9, 1992) leads one to believe that just as TR is a major vehicle in transporting
moisture meridionally, it is also a major contributor to the zonal moisture transport (espe-
cially in the mid to high latitudes), a point not appreciated much in the earlier river studies.
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The zonal transport of moisture by TRs shows a similar magnitude but a broader maxi-
mum in the mid to high latitudes in each hemisphere when compared to that of the total
transport. The SH maxima exceed those of the NH. In the equatorial latitudes, significant
seasonality can be found with a bimodal distribution being evident during all seasons
except DJF, though a bimodal configuration in the total zonal transport calculated by Peix-
oto and Oort appeared in both DJF and JJA (the dominant maximum being in the winter
hemisphere). The absence of a bimodal structure during DJF (i.e., the secondary westward
maximum in the southern tropics replaced with a strong eastward maximum) suggests that
the behavior of TRs there may not be correlated to the equatorial trough which is believed
to be the cause of such a bimodal pattern (Peixoto and Oort 1992).
The zonally averaged meridional transport of moisture by TRs is shown in Figure
4.28b. In each hemisphere, one observes a sharp increase in TR meridional moisture trans-
port from low to mid latitudes, with more broaden peak magnitudes in the NH. The result
with which this can be compared is that of Zhu and Newell (1998) who utilized essentially
a zonal averaging technique set by certain criteria to divide the total water vapor fluxes
into river and broad components (see equation 4.1). The river component they derived
(their Figure 6) displays a similar latitudinal variation pattern except in the tropical
regions, where the transport derived by them appears to be quite similar to the pattern of
the total meridional moisture flux (i.e., a northward transport peak near 10*S and a 'mete-
orological' equator near 5*N due to the transport convergence by the mean meridional cir-
culation). Although this zonal mean pattern in the tropics is well known (see Figure 4.31
in the next subsection; similar curves can also be found in Peixoto et al., 1978; Peixoto
and Oort, 1992; and Cohen et al., 2000), the large river fluxes which occurred there in their
study may be questionable. The peak of this transport shown in their Figure 6 is even
larger than its extratropical counterpart, notwithstanding they admitted that the rivers
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therein were not so strong and narrow as the extratropical rivers owing to the relatively
weaker humidity contrasts. The result is also contrary to the fact that there is much less TR
activity near the equator (see Figures 4.2 and 4.18, or the high frequency map Figure 2.2 in
Chapter 2 obtained by Newell and Zhu, 1994). This problem is probably due to the intrin-
sic deficiency of their algorithm which can not accurately extract the moisture fluxes asso-
ciated with TRs in the tropical regions, although this is less severe in the middle and high
latitudes. The interhemispheric water vapor exchange by TRs derived by our method
seems more reasonable and the characteristics of seasonal variation (water vapor being
transported from the winter hemisphere into the summer hemisphere, as pointed out by
Peixoto and Oort, 1992) is still retained.
4.4.3 Comparison with the Transient Fluxes in Traditional Studies
It is instructive to compare our result with those derived from conventional method.
According to Starr and Peixoto (1971), the total transport of water vapor can be expressed
in terms of that by time mean motions and transient perturbations, i.e:
qu= q u+ q'u' (4.3a)
v= qv+ q7 (4.3b)
where the overbar denotes the time average and the prime represents the deviation from
the time mean. A further convention that is often used is to express a variable with its
zonal mean plus the departure from it. When apply the time average first and then the
zonal average, one derives:
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[qu] = [q][u] + [q*][u*] + [q'u'] (4.4a)
[ qv] = [q][v ]+ [q* ][ v*] + [q'v] (4.4b)
in which the brackets represent the zonal mean and the quantities with stars are the depar-
tures from their zonal means. Therefore, the time- and zonal-mean transport of water
vapor in the atmosphere has been divided into the components represented by the terms on
the right-hand-side of equation (4.4), corresponding to the time and zonal mean flows, sta-
tionary eddies, and transient perturbations. Integration of equations (4.3) and (4.4) in the
vertical (similar to Equations 2.2 and 2.3) then leads to the expansion of the total meridi-
onal transport in terms of the various modes of transport. This vertical mean can be
denoted by the angle brackets <>.
The maps of the vertically integrated mean moisture transport <q V> and the transient-
eddy moisture transport <q'V'> are shown in Figures 4.29 and Figure 4.30 for the winter
and summer conditions, respectively. All are calculated from the 43 years of 6-hourly
NCEP/NCAR reanalyses. The flow of mean water vapor transport in both seasons reflects
the planetary behavior of the general circulation in the lower troposphere, since the spe-
cific humidity acts as a weighting factor for the wind field. Thus, the general pattern is
consistent with the distribution of the mean flow, i.e., westerlies in the midlatitudes and
easterlies in the tropical belt. Substantial meridional transport can be found in the middle
and subtropical latitudes that is associated with the circulations along the polar fronts and
the borders of the subtropical anticyclones. The largest variability of the mean flux during
the year is observed over the region of the Asian summer monsoon. There is a strong con-
centrated interhemispheric flow into the Arabian Sea during the summer that is well con-
nected to the monsoonal flow over the South and Southeast Asia.
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Figure 4.29: (a) Vertically integrated mean moisture transport <q V>, and (b) transient-
eddy moisture transport <qV> for NH winter (DJF). The unit is (kg m- Is1)
Scale vector is shown at the bottom of the map.
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On the vertically integrated transient-eddy flux maps (Figures 4.29b and 4.30b), the
values of the fluxes are nearly one order smaller than those of mean fluxes, with predomi-
nately poleward flow in middle latitudes of both hemispheres throughout the year. In the
polar regions and in the tropics, the meridional eddy transports are weak, almost vanishing
over the equator. The influence of the land-sea contrast is evident in the location of the
maxima just east of the continents and over the major oceanic basins, especially in the
NH. There is no significant seasonality exhibited in most part of the globe for the two dif-
ferent seasons. Perhaps the most salient feature that contradicts the observations is the
absence of significant transient-eddy fluxes associated with the Asia summer monsoon.
That the persistent monsoon circulations are supported by the transient features is a well
known fact (Krishnamurti and Surgi, 1987; Lau et al., 1998). However, Figure 4.30b
shows that it is almost quiet over the South to Southeast Asia in summer. The water vapor
flux by the mean flow in Figure 4.30a suggests that it is the mean easterly flux across the
Arabian Sea and Bay of Bengal that supplies moisture to the monsoon region. Although
mean motions contribute most of the water vapor flux at low latitudes (Starr and Peixoto,
1971; Peixoto and Oort, 1992), they do not seem to account for all the physical phenom-
ena involved in the transport for this particular region. Therefore, both the mean flux and
the transient-eddy flux maps appear to omit physical mechanisms thought to be important.
Similar results were obtained by Zhu and Newell (1998) for a July sample containing the
years 1991, 1994, and 1995.
The TR moisture flux maps (Figures 4.22 and 4.24), when compared with those of tran-
sient-eddy flux, show different geographical concentrations as well as their magnitudes. In
the NH, the river fluxes show a general correspondence with the storm tracks, particularly
over the oceans in winter; while the transient perturbations exhibit no such apparent links.
During summer (JJA), large river fluxes cover the Indian Ocean and Southeast Asia mon-
soon region, reflecting the transient disturbances occurring there; while these were
assigned to the mean fluxes in the conventional approach (Figure 4.30a). The river fluxes
also contribute to the interhemispheric transport in the tropical regions (see Figure 4.28b)
whereas little evidence can be observed for the transient-eddy fluxes. The seasonal river
flux magnitudes are about a factor of 2 larger than those of the corresponding transient-
eddy flux.
The meridional profiles of the vertical- and zonal-mean values of the moisture transport
by all motions, transient eddies, and TRs for annual condition are displayed in Figure
4.31. We notice that the transient eddies are responsible for a great fraction of the total
transport of water vapor in middle latitudes, while the rivers seem to account for a substan-
tial fraction of the total moisture transport in both middle and subtropical regions. Inspec-
tion of the large oscillation of the total meridional flux in the tropical and subtropical
regions confirms that it is due to the mean meridional circulations associated with the
lower branches of the Hadley cells, according to the traditional flux partition. It appears
that water vapor transported by the rivers may take on the partial load of this mean merid-
ional transport (this can also be verified by the similar seasonal configurations of both
transports, see Figure 12.12d in Peixoto and Oort, 1992) in low latitudes, whereas signifi-
cant portion of the meridional transport contributed by the transient eddy in middle lati-
tudes is still retained in the river flux profile. It may be noted that the zonally averaged
annual mean meridional moisture flux poleward across 30'N and 30'S are about 6.23 x
108 kg s~1 and -6.67 x 108 kg s-1, respectively, while the corresponding total TR meridi-
onal fluxes at these latitudes have nearly the same magnitudes, manifesting the importance
of TR mechanism over there.
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Figure 4.31: Annual mean meridional profiles of the vertical- and zonal-mean values of
the moisture transport by (a) all motions (black solid circle), (b) transient
eddies (blue open circle), and (c) TRs (purple line). Units in 108 kg s-1
4.5 Summary of the Chapter
We have presented in this chapter a climatology of Tropospheric Rivers derived from 43
years of NCEP/NCAR reanalyses regarded as one of the best representations of the global
atmosphere. The application of a numerical scheme for finding and tracking TRs and the
generation of unbiased data have made possible the development of a comprehensive set
of statistics, many of which have never been presented previously. Through the use of an
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objective scheme, we are able to ensure consistency in the techniques used to define and
track systems throughout the period of study and produce data free from traditional man-
ual constraints.
The results show that there are, on average, 4 - 5 rivers in the Northern Hemisphere and
5 rivers in the Southern Hemisphere at any given time. When stratified by 20' wide lati-
tude bands the greatest number of TRs is found in the 30'-50' band of each hemisphere in
all seasons. The axes of the greatest system densities are found principally over the two
ocean basins in the NH and the three ocean basins in the SH in all seasons, and major
localized maxima over the Bay of Bengal and Arabian Sea during JJA (related to the sum-
mer Asian monsoon) and over Northern Australia during DJF (related to the Australian
monsoon). TR tracks are most concentrated near those principal oceanic regions of TR
densities in all seasons, indicating that TRs are migratory in character but are nearly sta-
tionary over monsoon-related regions mentioned above. The movement of TRs is in a gen-
erally eastward direction with a weak poleward meridional component that increases in
the mid to high latitudes in both hemispheres. Northern Hemisphere TRs form and inten-
sify near the eastern seaboards of Asia and North America, with activity focused near the
regions of strongest SST gradient. They move eastward and poleward during their lives
before weakening in the two principal graveyards: over the Gulf of Alaska and to the
southeast of Greenland. In comparison, SH TRs are more evenly distributed and tend to
form in a band extending from the southeast coast of South America into the Atlantic,
across the Indian Ocean (maximized near the tip of southern Africa), and throughout much
of the Pacific middle latitudes. The corresponding genesis regions are also found to be
adjacent to (or slightly equatorward of) the maximum SST gradients in these regions.
Aside from regional features, for the most part genesis exceeds termination south (north)
of about 45*N (45*S) in the NH (SH), while the converse is true north (south) of this lati-
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tude. We have commented that based on limited published cyclogenesis and cyclolysis
compilations, both TR genesis and termination maxima tend to be near the upstream equa-
torward flank of those of cyclogenesis and lysis except for cyclogenesis maxima occurring
in the lee of major mountain ranges and over land due to the thermal effect. We suggest
that TR formation and termination could be a leading predictor for the occurrence and
decay of extratropical cyclones.
It has been shown that river axis lengths appear to be longer during the warmer seasons
and longer in the SH. On average, the axis length of a TR is approximately 2284.0 km glo-
bally and annually. The mean lifetime of TRs that last at least 1 day is just a little over 2
days. Those that are located between 100 and 500 (at their half-lifetime) endure, on aver-
age, almost ~ 0.5 day longer than those in other latitudes. About 10% of all TRs travel less
than 900 km and approximately 65% travel between 900 and 3000 km. It appears that the
warmer seasons host a large number of TRs and TR tracks with shorter translation dis-
tance (not necessary shorter lives) but longer TR lengths. The possible biases of TR axis
length, duration, and travel distance are also discussed. Features of various zonally aver-
aged TR properties have also been examined and highlighted.
Among many important statistics that the objective scheme can produce are measures
of TR strength and its influence. In attempting to understand the behavior and formation of
TR systems and their role in weather and climate it is important to be able to quantify the
'strength' of these systems and their influence on climate maintenance. For example, a
given region may be host to a large number of TRs but if they are relatively weak, their
influence may be less than those over an area that is host to fewer but more intense sys-
tems. The same is also true for the meridional component of water vapor transport accom-
plished by TRs since this is the most relevant quantity for the global water cycle balance.
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In quantifying the strength of a system, we consider the use of averaged TR water vapor
fluxes over the associated TRCs within a TR as a measure of its strength. It is suggested
that the TR strength defined in such a manner is a useful measure of a TR's status and
effect on the circulation when compared to a 'point measure' which just picks the maxi-
mum value of a particular TRC. Our results indicate that the most intense TRs occur over
the western portion of the oceanic basins (except for the South Pacific where the maxima
are located near its southeast) with maxima somewhat to the poleward of the regions of
maximum density in the NH, or approximately the same locations in the SH. In each
hemisphere, the strongest TRs occur during the corresponding summertime over the
northwest Pacific and off the east coast of South America, respectively. It is of interest to
note that although TRs occur very actively over the Indian ocean sector with highly
densed tracks, large translational speeds, and intensities, they contribute little to meridi-
onal water vapor transport, while a contrasting situation is found in the South Pacific
where the southward transport is sometimes comparable to that over or off the east coast
of South America. A comparison study on the TR moisture transport and the transient-
eddy flow in conventional studies is conducted. Although both fluxes are responsible for a
great fraction of the total transport of water vapor in middle latitudes, the rivers may also
take on the partial load of mean meridional transport in low latitudes, which is typically
assign to the Hadley cells in the conventional approach. Other significant differences
include: (i) In the NH, the river fluxes show a general correspondence with the storm
tracks, particularly over the oceans in winter; while the transient perturbations exhibit no
such apparent links; (ii) During northern summer, large river fluxes cover the Indian
Ocean and Southeast Asia monsoon region, reflecting the transient disturbances occurring
there; while the region is mostly quiet shown on the transient-eddy flux maps and the mon-
soonal fluxes were assigned to the mean fluxes. (iii) The river fluxes contribute to the
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interhemispheric transport in the tropical regions whereas little evidence can be observed
for the transient-eddy fluxes. These results, which calculated from the long-term reanaly-
sis data, support the previous finding derived from three July months by Zhu and Newell
(1998): that the transient fluxes in traditional studies do not catch the filamentary struc-
tures completely and may therefore underestimate the fraction of transport assigned to
moving systems, as well as lacking the geographical concentrations. The river moisture
fluxes obtained from our objective scheme based on a Lagrangian approach are considered
to be more representative for the moisture transport occurring in these translational sys-
tems.
The focus in this chapter has been the documentation of the mean behavior of various
characteristics of TRs over a 43-year period. The data set derived, however, allows us to
consider also many aspects of the variability of these features over the same period. The
results of such an investigation are presented in the next chapter.
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Chapter 5
Variability of Tropospheric River Behav-
ior
5.1 Introduction
As fundamentally important as the time averaged aspects of the atmospheric system and
its subcomponents, is its variability over the range of the study period. There is clear evi-
dence for the existence of long term and systematic variations of the global atmosphere
which, combined with possible anthropogenic factors, raises the question of the variation
and/or trend of TR activity. An appreciation of the magnitude of this variability and the
time-scales over which it is built up are important in constructing any climatology and in
establishing secular trends. In reality, natural variability in the circulation patterns may be
the result of changes in ocean heat storage, sea-ice extent and cloud cover, and of dynamic
processes occurring within the atmosphere.
The investigation of temporal variations of the analyzed state is constructive. Although
there is always doubt that trends or variabilities identified in the analyses may be fictitious
in that at least some of the features identified may be associated with changes in opera-
tional analysis procedures, the relatively unchanged nature of the reanalysis scheme used
in the development of the NCEP/NCAR data set (Kistler et al. 2001, see also data descrip-
tion in Chapter 2) simplifies the interpretation.
In this chapter, an analysis of the variability and trends exhibited by many aspects of
TR behavior derived by applying a state-of-the-art TR identifying and tracking scheme to
the moisture flux calculated from the 6-hourly NCEP/NCAR reanalyses for the period
1958-2000, is presented. The outcome is the first of its kind for TR variability.
Section 5.2 describes the time series of TR counts over the span of the reanalyses.
Results of the geographical distributions of trends are presented in section 5.3. Section 5.4
provides a discussion on the relationship between TRs and the El Ninto - Southern Oscilla-
tion (ENSO) phenomenon. A summary is given in Section 5.5.
5.2 Time Series
The numerical TR identifying and tracking scheme (TRICKS) allows us to summarize
conveniently the time series of TR counts. Such series yield detailed temporal variations
of annual and seasonal counts as well as the geographical distribution of trends. The time
series of the annual average number of TRs per analysis for each hemisphere is presented
in Figure 5.1. In the NH, the number of TRs shows a fairly steady decrease from the start
of the period to a minimum around the late 1960s and early 1970s, and a detectable
upward trend since then. In the SH, the TR count displays an overall increase.
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The equations and accompanying statistics based on a least squares linear regression fit
to the two time series are given below:
(a) NH:
YN1 = -0.032X + 11.29,
YN2 = -0.31X + 65.30,
YN3 = 0.057X - 6.20,
YsI = 0.11X - 15.63,
R =-0.18,
R =-0.67,
R = 0.27,
R = 0.49,
C= 75.84%
C= 99.91%
C= 77.65%
C= 99.92%
where Y is TR frequency (expressed as TRs per analysis), X is year divided by 10 (to yield
the trend with units of TRs per decade), R is the correlation coefficient, and C is the confi-
dence level. The meanings of the subscripts in the equations are: N denotes NH, S denotes
SH, and subscripts 1, 2, and 3 represent the periods of 1958-2000, 1958-1978, and 1979-
2000, respectively.
1960 1965 1970 1975 1980 1985 1990 1995
Year
2000
Figure 5.1: Time series of annual average number of TRs per analysis for NH (open cir-
cle) and SH (solid circle).
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(b) SH:
(5.1)
(5.2)
(5.3)
(5.4)
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A slightly downward trend of -0.032 TRs decade-' is found in the NH which failed to
pass the 95% confidence level, while a slope of 0.11 TRs decade-1, that is above the 95%
confidence level, is exhibited in the SH. When the NH TR frequency data set is divided
into two sub-periods, the least squares linear regression fit shows a decline of 0.31 TR
events per decade (with 99.91% confidence level) for the period 1958-1978, and an
increase of 0.057 TR events per decade (marginally above 77% level) for the period 1979-
2000, respectively. It appears that the overall downward trend in the NH is largely due to
the declination during the first two decades of the period.
Table 5.1 displays the trends and correlation coefficients when linear regression least
squares fit is applied to the TR counts per analysis in the 200 latitude belts (from 70'S to
70*N), SH, NH, and Globe over the entire 43-year reanalysis period.
Table 5.1: Linear regression least squares fit to the TR counts per analysis in the 20'
latitude belts, SH, NH, and Globe (GL). The equation and accompanying
statistics are: Y=bX+a, where Y is the TR frequency; X is in units of year; b
(the trend, with units in TRs decade-1 ) and a is the best-fit parameter. The
correlation coefficient r is also listed with values underlined when it is
statistically significant at the 95% confidence level or higher.
70 0 S - 50 0S - 300 S - 100S- 10*N - 30N - 50*N- SH NH GL
500S 300 S 100 S 10*N 30*N 50*N 70*N
b 0.013 0.053 0.045 -0.06 -0.02 0.014 0.033 0.11 -0.032 0.074
a -2.11 -7.11 -7.76 13.2 6.04 -0.25 -5.89 -15.6 11.29 -4.35
r 0.25 1AL45 0.39 -0.51 -0.33 0.27 0.66 0.49 -0.18 0.24
It can been seen that for most latitudinal belts the correlation coefficients are statisti-
cally significant (above 95% confidence level), and that there has been a general reduction
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in TR numbers within the tropical region between 10'S and 30'N, and an increase north
and south of it. The greatest increases occur in the 50*-30*S belt in the SH and in the 50'-
70*N in the NH, respectively.
Much effort has been made to document the relationship between the frequency trend
of cyclones and the trend in surface air temperature (e.g., Jones et al. 1986; Hansen and
Lebedeff 1987, 1988; Agee 1991, and Geng and Sugi 2001). Therefore, it is of consider
able interest to examine the TR time series in relation to the climatic trend in surface air
temperature. Figure 5.2 shows the time series of the mean annual surface temperature
from NCEP/NCAR (actually the temperature is extracted from the lowest model level
aY=0.995 which is very near to the surface) in the two hemispheres for the period of our
analysis.
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Figure 5.2: Time series of the annual mean surface air temperature deviations (0C) over
1958-2000 for the NH (open circle) and SH (solid circle).
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All available temperature records for this century suggest a warming trend from 1900
to 1940, cooling from 1940 through 1978 (particularly so in the NH), and warming during
the past two decades with an apparent overall trend of warming (Hansen and Lebedeff
1987, 1988; Agee 1991; and Casey and Cornillon 2001). Similar trends to those of TR
counts during the corresponding time frames can also be detected in the surface air tem-
perature (Figure 5.2). Least square linear regression fits were made to the plots and the fol-
lowing results obtained:
(a) NH:
TN1 = 0.11X - 20.95, R = 0.64, C = 99.99% (5.5)
TN2 = -0.049X + 9.40, R = -0.23, C= 70.3 1% (5.6)
TN3 =0.097X - 19.05, R =0.37, C =91.58% (5.7)
(b) SH:
Tsi = 0.075X - 14.90, R 0.56, C= 99.98% (5.8)
These statistical results document the warming and cooling periods of interest in the
NH and SH, which now can be correlated with the TR frequency statistics. The linear cor-
relation coefficients are 0.38 between YN1 and TN] for the whole period, 0.48 between YN2
and TN2 for the cooling period, and 0.53 between YN3 and TN3 for the warming period,
respectively. Also, the correlation between Ys1 and Ts, is 0.65. Although these correla-
tions are not high, they lend some support to the view that TR frequency decreases with
decreasing surface temperature and increases with increasing temperature. In fact, all four
correlations between the TR frequency and the surface air temperature are statistically sig-
nificant at the 98% confidence level or higher. There are three out of the eleven correla-
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tions are not statistically significant [i.e., equations (5.1), (5.3) and (5.6)], it warrants fur-
ther investigation for particular regions and an update using longer time series.
Perhaps one way to ascertain the extent to which the TR frequency relates to the sur-
face temperature is by breaking down the TR counts into four seasons (Figure 5.3). The
time series in both hemispheres indicate that the behavior of the average TR counts is
dominated by the warm seasons (JJA and SON in the NH, and DJF and MAM in the SH).
On average, TRs occurring during the warm seasons appear to be - 40.9% more in the NH
and - 28.0% more in the SH than those in the other half of the year (also see Table 4.1).
The compensatory behaviors of the two hemispheres strongly suggest that TR frequency is
proportional to the change in surface temperature.
All of the above results suggest that the dynamic climatology of the waves responsible
for temperature trends is equally responsible for the frequency of TR events. How this
happens is not simple or well understood, but it may be related to systematic climatologi-
cal variations in the temperature gradients as we mentioned in Chapter 4.
It is useful to obtain an appreciation of the extent to which such a trend may be due to
more TR tracks and/or longer TR lifespans. Figure 5.4 shows the annual total number of
tracks and their mean duration in the two hemispheres. The overall patterns of the TR
track numbers (Figure 5.4a) including the trends, larger counts in the SH than in the NH,
and the percentage variation, are similar to those of the total counts (Figure 5.1), indicat-
ing that decrease (increase) in TR numbers is largely due to fewer (more) tracks rather
than tracks tending to last a shorter (longer) time. This proposition is confirmed by the
plots of annual mean TR lifespan in Figure 5.4b. It should be noted that the percentage
variation in lifespan is much less than those exhibited by the TR counts and track num-
bers, and there are no significant lifespan differences between TRs in both hemispheres (in
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Figure 5.3: Time series for seasonal averages of number of TRs per analysis in the (a)
NH, (b) SH, and (c) Globe. Legends: DJF (black open circle), MAM (red
solid circle), JJA (blue open square), and SON (green solid square).
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Figure 5.4: Time series of (a) annual total number of TR tracks, and (b) their mean dura-
tion for the NH (open circle) and SH (solid circle). (A TR must last at least 24
hours to be included in the compilations.)
fact, the average TR duration in the SH is shorter than that in the NH, see Figure 4.18 and
Table 4.4).
Figure 5.5(a) shows the trends in annual mean TR strength in both hemispheres which
displays a negative trend in the early part of the record (before 1965 in the NH and before
1963 in the SH) and a marked increase since then. Over the entire period a least squares fit
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Figure 5.5: Time series of annual average (a) TR strength (kg m-1 s-1 ) and (b) TR meridi-
onal moisture flux (kg m- s-1 ) for the NH (open circle) and SH (solid circle).
The meridional flux in the SH has been multiplied by a -1 factor for compari-
son purpose.
exhibits a trend of 1.04 (kg m-1 s-1) decade-' (with 98.93% confidence level) in the NH
and 3.36 (kg m-1 s-1) decade-' (with 99.99% confidence level) in the SH. The time evolu-
tion of the mean TR meridional moisture flux (Figure 5.5b) shows a similar trend over the
whole period (1.34 and -1.56 (kg m-1 s-1) decade-' in the NH and the SH, respectively,
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with confidence levels all above 99.99%), indicating a strengthened poleward water vapor
transport in both hemispheres. When taken in conjunction with the changes in counts, it
appears that the atmospheric moisture circulation has become more vigorous in the last
couple of decades.
Agee (1991) studied the trends in cyclone and anticyclone frequency and compared
those with periods of warming and cooling over the Northern Hemisphere. His results tend
to indicate a decrease in events (both cyclones and anticyclones) during cooling and an
increase during warming. He observed that colder than normal weather is characterized by
large amplitude long waves entrenched in the flow (particularly so over the NH), while
warmer than normal weather tends to occur with a flatter pattern of short waves that car-
ries more numerous disturbances west to east across the oceans and continents. This cer-
tainly fits with the observational pictures presented here for TRs in the NH. Our results
seem to disagree with some SH studies (e.g., Zhang and Wang 1997; Simmonds and Keay
2000b). Simmonds and Keay (2000b) found that the annual average number of cyclones
per SH analysis rose from the start of year 1958 to a maximum in 1972, and showed an
overall decline since then, suggesting that the downward trends in cyclone numbers are
associated with a warming SH. Assuming that relative humidity remains constant (a rea-
sonable assumption that is consistent with the observations, for example, Peixoto and Oort
1996), they noticed that the moisture content of the SH atmosphere would be enhanced by
about 3.5% accompanying a temperature increase of O.5*C since the mid-1960s. A greater
percentage decrease in the number of extratropical cyclones found by Simmonds and
Keay led them to a paradox for the moisture transport. Although they found that the mean
radius and strength of cyclones have increased over the period and suggested that these
increases have served to partially offset the effect of the remarkable decrease in cyclone
numbers, which would otherwise tip the energy balance in the SH, they pointed out that
moisture transport is only one of the energy flux modes affected by the cyclones and the
percentage changes in the moisture content and the number of cyclones may not be the
same. We comment here that atmospheric water vapor transport may not always be associ-
ated with cyclones. For instance, the major corridor for poleward moisture transport in the
SH running from South America to the South Atlantic for all seasons is mainly related to
the regional topography as described by James and Anderson (1984). On the other hand,
major moisture transports are always connected with TRs. Further, although the time
series of TR numbers per SH analysis shows an out-of-phase relationship with that of
cyclone numbers, it is in line with the trend of surface air temperature. Combined with
other trends observed earlier, therefore, a more consistent picture can be obtained from a
TR viewpoint on atmospheric water vapor transport.
5.3 Geographical Distributions of TR Density Trends
It is useful to gain knowledge of the geographical distributions of trends that the TR den-
sity has undergone over the 43-year reanalysis period. Figure 5.6 displays the linear trend
(least squares linear regression fit) of the annual mean TR density and its zonal mean (the
distributions of trends for each season are broadly similar to that displayed in the figure).
The pattern exhibits notable differences in geographical distribution as well as zonal sym-
metry. Negative trends are found largely over tropical and subtropical regions and positive
trends in middle to high latitudes (these results are consistent with the zonal means of TR
counts when broken down into latitudinal belts given in Table 5.1). When the time series
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Figure 5.6: (a) Linear trend of the annual average TR density over the period 1958-2000
The unit is 10~5 TRs (*latitude) 2 decade~ . The contour interval is 2 x 10-5
TRs (*latitude) 2 decade- and values greater than 2 x 10- or less than -2 x
10~5 TRs (latitude) 2 decade~ are shaded; (b) Zonal mean of (a).
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of TR counts discussed in the previous section are taken into account, one can see that the
best-fit trends in the mid- and high- latitudes are to a large extent determined by the warm-
ing period since the late '70s. In the Northern Pacific, areas with positive trends in excess
of 2 x 10-5 TRs (*latitude)- 2 decade-' are located near the east coast of Southeast Asia and
extend east-northeastward into the Gulf of Alaska. A generally upward trend can also be
found in the Northern Atlantic extending even farther north. It should be pointed out that
almost all of the trends greater (or less) than 2 x 10-5 TRs (*latitude)-2 decade-' (-2 x 10-5
TRs (*latitude)-2 decade-1) shown in Figure 5.6a are significantly different from zero at the
95% confidence level.
It appears that there are more structures in the SH mid latitudes: positive trends can be
found in the southeastern Atlantic extending eastwards to the southern Indian Ocean and
south of Australia, and in the South Pacific near 40*S. Areas of negative trends are also
evident either to the north or to the south of their accompanying positive areas (none for
the one to south of Australia). Whether this structure is related to the documented seesaw
pattern identified in other quantities such as the mean sea-level pressure (MSLP) and 500
hPa geopotential in many studies of SH circulation features (e.g., Kidson 1975; Ghil and
Mo 1991; and Sinclair 1997) remains as a question since the variability of TR densities
shown here are restricted to the SH middle latitudes, although Simmonds and Keay
(2000b) found that the pattern of cyclone density change resembled the so-called 'high-
latitude mode' (negative trends in most locations south of about 40*S, and increasing to
the north).
The distribution of trends in the annual means of TR genesis and termination resemble
that of system density and are not reproduced here.
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5.4 Relationship between TRs and ENSO Events
While the distribution and behavior of TRs in themselves are important components of the
general atmospheric circulation, it is through relating the knowledge of these systems to
the broader atmospheric system that we are able to gain an understanding of the mecha-
nisms controlling the atmosphere. One of the most important and far reaching modes of
variability of the atmospheric system is the El Ninto -Southern Oscillation (ENSO) phe-
nomenon. As first described by Walker (1923) and Walker and Bliss (1932), ENSO is now
understood as an interannual, quasiperiodic, coupled mode of the tropical ocean-atmo-
spheric system, with worldwide hydroclimatic teleconnections (Battisti and Sarachik,
1995). The strength, duration, and frequency of the El Nio and La Nifia events, which
comprise the two phases of ENSO, have varied significantly over the current century
(Trenberth and Hoar 1996, 1997; Rajagopalan et al. 1997; Kestin et al. 1998). Many stud-
ies have investigated the relationships that exist between ENSO and regional and global
patterns of such meteorological parameters as temperature, precipitation, and pressure
(e.g., Trenberth 1976; Kiladis and Diaz 1986, 1989; Rocha 1992; Hoerling and Kumar
1997). The already cited associations of ENSO and precipitation, temperature, and pres-
sure would be expected as the result of, and/or to be manifested in, changes in the distribu-
tion and intensity of synoptic systems. In this regard, TRs may be of similar importance.
For example, it is of considerable interest to determine how water vapor transport might
change if the planet were to warm from the rise in greenhouse gases. Presumably the
moisture content of the atmosphere would increase in such a scenario (Sun and Oort 1995;
Trenberth 1998), thus one might ask whether a moister atmosphere would generate larger,
more intense TRs or smaller ones that carry vapor poleward more efficiently (similar to
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the argument of Held 1993 on cyclone systems). In this section we will examine how vari-
ations of TRs are associated with those of ENSO.
To explore these possible associations we have calculated the time-synchronous corre-
lation between a quantification of ENSO and various TR statistical quantities. The ENSO
Index (ENSOI) defines ENSO years based on SST anomalies. The particular index chosen
is from the Japan Meteorological Agency (JMA) because it selects well the known ENSO
events (Meyers et al. 1999). The index is a 5-month running mean of spatially averaged
SST anomalies over the tropical Pacific: 40S-4*N, 150'W-90*W. Figure 5.7 displays this
ENSOI with warming and cooling periods indicated. The monthly values were averaged
over the four seasons to yield the seasonal values of the ENSOI.
1965 1970 1975
Year
1980 1985 1990 1995 2000
Figure 5.7: ENSO Index according to Japan Meteorological Agency (JMA) SST anoma-
lies (C).
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As a background against which we consider the correlations between the TR properties
and ENSO, we present the time-synchronous correlation of the ENSOI and the seasonally
averaged precipitable water for the four seasons (Figure 5.8). Those regions for which the
correlations are significant at, or above, the 90% significance level on a two-tailed test of
the null hypothesis of zero correlation are stippled. In all seasons the correlations are dom-
inated by the center of action in the tropical eastern Pacific (positive) in a triangle-shape
with its base near the western coast of the Americas, and negative correlations can be
found flanking its sides. The correlation is generally somewhat stronger during the winter
season (DJF). The remainder of the global correlations are mixed and seasonally depen-
dent. It is perhaps not surprising that the patterns shown here are quite similar to the
ENSO modes revealed by other authors (e.g., Wu 1996) due to the high correlation
between the precipitable water and the SST anomaly.
The correlation between the TR system density and the ENSOI is shown in Figure 5.9.
Although the patterns show a relatively noisy structure, there are several features which
need to be pointed out. During DJF (Figure 5.9a), the region of positive correlations is sig-
nificant (stippled) over a substantial area in the central Pacific with a general orientation of
WNW-ESE. The area of negative values in the southwestern Pacific with positive correla-
tions to the east is consistent with the eastward extension of the South Pacific Convergence
Zone (SPCZ) during the positive phase of ENSO with the region of increased cyclone
activity associated with this feature shifting eastwards (see Trenberth and Shea 1987;
Kiladis and van Loon 1988). In the oceanic regions of midlatitudes and higher latitudes of
the NH, correlations are generally negative to the north of about 40'N and positive to the
south indicating a tendency for the TRs to be placed more to the south during periods of
positive ENSOI, especially over the western oceanic basins. Similar structure that sug-
gests an equatorward (poleward) displacement of the region of highest TR density when
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Figure 5.9: The time-synchronous correlation between the TR system density and the
ENSOI for (a) DJF, (b) MAM, (c) JJA, and (d) SON over the period 1958-
2000. The contour interval is 0.2. Areas where correlations are significant at
or above the 90% confidence level are stippled.
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the ENSOI is positive (negative) can be found in the mid and high latitudes of the southern
Atlantic, Indian Ocean, and over southern South America. A westward shift of TR density
is also evident east of the Andes and is in general agreement with the positive correlation
of rainfall with the ENSOI (i.e., abundant rainfall during the mature phase of an El Niio,
see Marengo and Hastenrath 1993). The patterns exhibited in the other seasons are broadly
similar to that displayed in Figure 5.9a with the exception of JJA: through the central to
eastern tropical Pacific there is a region of negative correlation but of a generally reduced
magnitude and limited significance; and no significant correlation is found over South
America during austral winter and spring.
In general, the patterns of the correlation between the TR system density and the
ENSOI and that between the precipitable water and the ENSOI, were found to be similar
to which the centers of action located over the central Pacific and the regions nearby.
Apparently such similarity does not imply a phase coherence in the variations of the TR
system density and the precipitable water. This is not a surprising result since the strongest
signal in the ENSO is to be found in the region bounded by 90'E and 90*W as has been
demonstrated by previous authors (e.g., van loon and Madden 1981; Trenberth and Shea
1987).
It is worth exploring the extent to which the TR system strength, particularly the merid-
ional moisture flux carried by the TRs, may be systematically associated with the ENSO
signal. This is because the variations in this flux on interannual or longer timescales may
have important consequences for weather and climate (Rosen 1999). Figure 5.10 exhibits
the time-synchronous correlation of the TR meridional moisture flux with the ENSOI for
DJF. Again, during ENSO warm phases, the action center is over the tropical Pacific with
negative correlations being found across much of the North Pacific, eastern tropical
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Figure 5.10: The time-synchronous correlation of the TR meridional water vapor fluxes
during DJF with the ENSOI over the period 1958-2000. The contour interval
is 0.2. Areas where correlations are significant at or above the 90% confi-
dence level are stippled.
Pacific, and southeast Pacific, suggesting a decreased (enhanced) northwards (southwards)
transport of water vapor; and positive correlations in the tropical South Pacific especially
west of 1600W, yielding increased (decreased) northward (southward) moisture transport.
This pattern indicates an enhanced meridional moisture convergence over the tropical
North Pacific west of 1600W. In the northern extratropics, enhanced poleward fluxes dur-
ing warm events also occur in the North Atlantic storm track and in the U.S. Pacific North-
west. The overall pattern strikingly resembles the map of meridional moisture-flux
anomaly derived by Cohen et al. (2000) from the climatic mean of 14 warm-event DJFs
(their Figure 4 bottom). Both figures are also similar to the meridional mass flux of
173
I
Waliser et al. (1999, Figure 13 of their paper) who investigated Hadley cell strength asso-
ciated with ENSO signals, which suggests that enhanced lower-tropospheric winds con-
tribute significantly in shaping the ENSO signal in the moisture flux. The time-
synchronous correlation of the meridional moisture flux against the ENSOI are also calcu-
lated for the other seasons. Although the correlations are noisier and less significant, a
general pattern similar to those in DJF remains (figures not shown).
While one needs to be cautious in interpreting the results obtained, even from relatively
long data sets, this section serves to demonstrate the active ties which exist between the
TRs which are synoptic aspects of the atmospheric circulation, and the broader atmo-
spheric system.
5.5 Summary of the Chapter
This chapter was motivated by the unprecedented length of the NCEP/NCAR data which
made possible a better sampling of the variability of moisture transport in the atmosphere.
The application of a reliable numerical TR identifying and tracking scheme developed in
Chapter 3 and the generation of unbiased TR data made it possible to produce TR variabil-
ity result that is the first of its kind.
Our results have indicated that in the NH, the annual average number of TRs per analysis
shows a fairly steady decrease at the start of the period to a minimum around the late
1960s and early 1970s, and a detectable upward trend since then. In the SH, the numbers
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have shown an overall increase. Least squares best fit to the time series of TR counts
shows that the slightly downward trend in the NH over the entire studied period is domi-
nated by a significant (above 99% confidence level) reduction that occurred from 1958 to
1978, and a slope of 0.11 TRs decade-1 that is above the 95% confidence level is exhibited
in the SH for the whole period. There has been a general reduction in TR numbers within
the tropical region between 10'S and 30'N, and an increase north and south of it. The
greatest increases occur in the 50'-30'S belt in the SH and in the 50'-70'N in the NH,
respectively.
Corresponding trends in surface air temperature data have also been examined and
attempts have been made to link the TR frequencies with them. The results suggest that
warming and cooling trends are accompanied, respectively, by increases and decreases in
TR frequencies (particularly so in the Southern Hemisphere).
When breaking down the TR counts into seasons, it is evident that TR counts are dom-
inated by the warm seasons (JJA and SON in the NH, and DJF and MAM in the SH). On
average, TRs occurring during the warm seasons appear to be ~ 40.9% more in the NH
and ~ 28.0% more in the SH than those in the other half of the year.
The time series of the annual mean number of TR tracks resemble those of the TR
counts, while no such relation can be found for the TR lifespan, indicating that the
increase in TR numbers is largely due to more tracks rather than tracks tending to last
longer. Both time series for the mean TR strength and mean TR meridional moisture flux
exhibit an upward trend and strengthened poleward vapor transport, which suggest that the
atmospheric moisture circulation has become more vigorous during the last couple of
decades. In this context, our result of a trend toward larger moisture transport is in line
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with other independent evidence which suggests that the global hydrological circulation
may be accelerating (Chahine et al. 1997; Trenberth 1998; Cohen et al. 2000).
When compared to trends in cyclone and anticyclone frequencies obtained from previ-
ous studies, there appears to be an increase (decrease) in both surface cyclone and TR
activities during long-term warming (cooling) in the NH. In the SH, however, while such a
positive correlation between TR frequency and surface temperature is observed, mean
cyclone counts have been seen to decrease since about 1970 indicating a negative correla-
tion. We argue here that the geographical distribution of cyclones as well as their role in
water vapor transport, is very different in the two hemispheres, hence the trends and vari-
abilities of rivers.
The geographical distribution of long-term trends in TR system density show that neg-
ative trends are found largely over tropical and subtropical regions and positive trends in
middle to high latitudes. The latter are mostly located over oceanic areas and account for
most of the strong signals in the corresponding latitudinal belts.
Finally, our discussion of TR variability would not be complete without some reference
to the changes that have been occurring in ENSO events over the studied period. We have
presented synchronous correlations for the system density and meridional moisture flux of
TRs against the ENSO index to demonstrate the active links which exist between the
large-scale atmosphere-ocean system and the TRs. In general, the patterns of the correla-
tion between the TR system density and the ENSOI and that between the precipitable
water and the ENSOI showed similarity with the primary centers of action lying in the
central Pacific regions. The correlation of TR system density against the ENSOI displayed
a complex structure. There is a suggestion of an equatorward (poleward) displacement of
the region of highest TR density during episodes of positive (negative) ENSOI. An east-
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ward shift of the TR density corresponding to the eastward extension of the SPCZ and a
westward displacement of system density east of the Andes that account for increased
rainfall during positive ENSOI periods are also evident, particularly during DJ. The cor-
relation between the TR meridional moisture flux and the ENSOI indicates that during
ENSO warm events, there is an enhanced meridional moisture convergence in the tropical
North Pacific west of 160'W. As pointed out by Cohen et al (2000), because of an increase
in tropical SSTs and the frequency of warm events relative to cold events in the latter half
of the data set, this interannual signal projects onto an overall trend toward enhanced
meridional moisture transport in the global hydrological cycle.
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Chapter 6
Conclusions and Future Work
6.1 General Remarks
In this thesis we investigated the atmospheric water vapor transport through a distinct syn-
optic phenomenon, namely, the Tropospheric River (TR), which is a local filamentary
structure on a daily map of vertically integrated moisture flux. The rivers appear to
account for a substantial fraction of the total moisture transport, especially for meridional
transport at middle and subtropical latitudes. Owing to the inherent limitations of manual
techniques, however, there has been no consensus on how to define a river objectively,
which in turn has impeded attempts to compile statistics for this important synoptic occur-
rence. An objective numerical scheme, the Tropospheric River Identifying and TraCKing
Scheme (TRICKS), has been developed to provide an efficient and much needed tool for
the study of TR climatologies. The scheme was adapted from a cyclone finding and track-
ing program for the Southern Hemisphere from Melbourne University to expand its capa-
bility of identifying and tracking a one-dimensional maxima/minima atmospheric
property at any given vertical level (or for integrated column quantities) on either global or
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regional grid. When applying to the moisture-flux gridded data, the speed of a computer-
based scheme has permitted a very satisfactory solution to the problem of applying differ-
ential methods for the TR Core (TRC) determination, TR identifying, and tracking. The
resultant procedure enables both strong and weak, closed and open TRCs to be detected
and accurately located. The relationships among the adjacent TRCs are evaluated to see
whether they belong to the same river. A Tropospheric River Major Core (TRMC) is iden-
tified to represent the river movement and its path is tracked from birth to termination
(which also signifies the birth and termination of a TR). Various statistics of TR distribu-
tion and movement are then analyzed. All these stages of the scheme are performed with-
out intervention once a number of governing constants have been decided upon, thus
allowing objective comparisons to be made between TR statistics obtained from different
data sets.
The scheme has been tested and found to operate reliably at different stages. It has been
shown to produce results consistent with those from manual analysis and can be applied
with confidence not only to a range of operational analyses and model outputs, but also for
a reworking of historical analyses.
The aim of compiling a synoptic climatology and variability for TRs objectively has
been substantially achieved with application of this scheme to the vertically integrated
moisture flux calculated from a 43-yr multidecade data set from the NCEP/NCAR reanal-
yses. The generation of unbiased data has made possible the development of a comprehen-
sive set of statistics, many of which have never been presented previously.
In this chapter, the relationship between TR and regional climate and the possible
mechanisms of TR formation are discussed in section 6.2. Main conclusions for mean TR
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behavior and its variability are summarized in section 6.3. Future work will be addressed
in the following section 6.4.
6.2 Discussion
Vertical integrals of moisture flux are dominated by events in the lower atmosphere
because of the decrease of specific humidity with altitude. A TR defined by our automated
objective method only depends on whether or not a filamental structure in these vertical
integrals occurs, with no preference given to either components of wind or moisture con-
tent. Although such a scheme is very useful in identifying and tracking major water vapor
transport events, it does not offer more detailed variations in the TR's vertical and horizon-
tal structures. To appreciate the importance of TRs in both horizontal and vertical moisture
transports, we present here a river case occurring over the North Atlantic at 00 UTC Janu-
ary 25, 1992. The same case was presented by Newell and Zhu (1994) using ECMWF data
for only one along-stream vertical cross-section (see their Figure 2). A more detailed anal-
ysis was conducted using a different data set (the NCEP/NCAR reanalyses) with the
important 925 hPa level data incorporated.
The vertically integrated moisture fluxes along with the mean sea-level pressure are
displayed in Figures 6.1. A well-defined moisture filament carrying a substantial fraction
of water vapor from the region off the southeast United States into Greenland is evident in
the center of the domain. This river is apparently associated with the cyclonic system on
its western and poleward edge with the minimum center pressure less than 975 hPa.
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Figure 6.1: (a) Vertically integrated water vapor flux for 00 UTC January 25, 1992 show-
ing a river terminating in Greenland from the western Atlantic. The longest
arrow corresponds to about 1500 kg m-1 s~1. The green lines indicate the
cross-section lines for Figure 6.2; (b) Mean sea-level pressure (unit in hPa).
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Significant moisture fluxes are found flowing parallel to and immediately ahead of the sur-
face cold front. We define three along-stream and three cross-stream vertical cross-sec-
tions (indicated on Figure 6.1 a) such that the differences in water vapor transport between
the center of the filament (either along or normal to the stream, i.e., cross-sections from
20 0N, 72 0W to 70 0N, 320W; or from 50*N, 70*W to 300N, 40*W) and the nearby cross-sec-
tions can be assessed. Figure 6.2 shows that along the river axis, the region is dominated
by large southwesterly water vapor flux sloping upwards from low latitudes near the sur-
face to higher altitudes at high latitudes (Figure 6.2b), with a maximum greater than 280
(kg kg~1 m s-1) around 925 hPa above the ground. The fluxes are in general aligned to the
equivalent potential temperature surface (dashed contours in the figures) indicating the
flow is nearly saturated (note the vertical components of the flux vectors have been magni-
fied by a factor of 5 but no magnification for the vertical components in flux magnitude
contours). In conjunction with this poleward transport, upward moisture flux is also signif-
icant when examining the cross-stream cross-section in the middle of the filament in Fig-
ure 6.2e. The V-shaped 0 e contours with the dip line (corresponding to high 0e values) co-
located with the vertical line of maximum vertical moisture fluxes also suggests that the
air within the filament is characterized by a highly concentrated horizontal warm moisture
tongue, especially below 850 hPa. No such coherent structures can be found along the
cross-sections some distance parallel to the river axis (Figures 6.2a and 6.2c), or near its
head and tail (Figures 6.2d and 6.2f). These features are consistent with the finding by Zhu
and Newell (1998) that the middle-latitude rivers were in or slightly ahead of the surface
troughs. The equatorward and poleward flows on the west and east sides of the troughs,
respectively, form filamentary wind shears or convergence lines over the surface. Sharp
contrasts in temperature and humidity may occur along the convergence lines in the lower
troposphere, and the poleward moisture fluxes are stronger than the equatorward fluxes
183
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Figure 6.2: Along-stream (left) and cross-stream (right) vertical cross-sections showing
water vapor flux vectors (the vertical component has been magnified by a factor of 5
to reveal its significance), flux magnitudes (solid lines, no magnification for the ver-
tical component, contour interval 20 x 10-3 kg kg-1 m s-1), and equivalent potential
temperature (dashed lines, in K). The cross-section lines are indicated in Figure 6.1.
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even if the opposite mass fluxes have the same intensity. The poleward fluxes formed by
large-scale processes on the warm side of temperature fronts may be further intensified
and narrowed by meso- and small-scale convective activities along the convergence lines.
Formation of rivers may be independent of the genesis and development of baroclinic
cyclones, though the cyclone activity may have an effect on the development of rivers. For
example, when baroclinic waves are destabilized, the cold and dry air behind a polar front
fills up the low levels of a new cyclone. As a result, the river is pushed to the eastern edge
of the cyclone and may be intensified as the wind speed increases in the disturbance devel-
opment.
As we mentioned in Chapter 1, the concept that moisture, horizontal and vertical
motion, and clouds are found in a fairly narrow region associated with an extratropical
cyclone is referred to as the warm conveyor belt (WCB) following Harrold (1973). There
are many similarities which can be drawn between the river case presented here and the
WCB. Ludlam (1966) described a model which shows how the baroclinic slantwise
motions are organized on the large scale (Figure 6.3a). The dominant feature is the elon-
gated band of clouds (hatched) that forms along the boundary of a major confluence zone
at the leading edge of the trough. In the frame of reference moving with the trough-ridge
system, warm air enters the cloud belt from the convective boundary layer at its southern
end. As this air travels along the axis of the cloud belt it ascends into the middle and upper
troposphere, producing low- and medium-level clouds and then a belt of upper-level cirrus
that dissipates at the leading edge of the system.
Vertical sections derived from radiosonde ascents along the axis of WCBs confirm that
the WCBs are mainly saturated flows of high wet-bulb potential temperature, rising from
the lower troposphere at their southern end into the upper troposphere at their northern end
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Figure 6.3: (a) Model of flow relative to a major middle-latitude trough within an isen-
tropic surface sloping generally upward toward the north (heights indicated by
dashed lines labeled in km). A sea-level cyclone is centered beneath this surface
in the northern part of the diagram. A confluence line (dotted) in the flow aloft
separates two distinct airstreams. The northward-moving stream ahead of the
confluence line ascends above the dry isentropic surface and produces a cloud-
belt (hatched) (Ludlam 1966); (b) Cross section along the axis of a WCB derived
from a chain of six radiosondes over a distance of 1000 km in the eastern U.S.,
showing potential temperature 0 (solid lines labeled in 'C) and wet-bulb poten-
tial temperature 0 (dashed lines labeled in "C) at 12 UTC 27 February 1984.
Hatching represents the axis of maximum relative humidity (> 90 percent).
Arrows parallel to the sloping layer of high-0, suggest motion of air within the
WCB (Carlson 1987).
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(Carlson 1987). This is clearly displayed in Figure 6.3b from an example of observed
WBC. Considerable precipitation is generated in the WCB flow especially where it
ascends rapidly in the low-to-middle troposphere.
As pointed out by Browning (1990), the WCB is not the only important well-defined
flow within an extratropical disturbance; it is, however, the primary cloud-producing flow.
Thus it has been found to be a particularly useful concept in practice to account for aspects
of clouds and precipitation. Emanuel et al. (1987) showed that the warm southerly flow is
substantially stronger than the cold northerly flow in a moist multilevel semigeostrophic
model. They found that when the effective potential vorticity is small in regions of upward
motion, growth rates are modestly increased and the region of ascent intensifies and col-
lapses onto a thin ascending sheet. In the limit of zero moist potential vorticity the fastest
growing wave has a finite growth rate which is several times larger than the dry model
result while the horizontal scale is contracted significantly compared to the dry modes.
As we learned from mean tropospheric river behavior in Chapter 4, TRs occur fre-
quently in many parts of the world. The river case above and several previous studies have
shown these TRs to be associated with the development and evolution of synoptic events
such as cyclogenesis, atmospheric bombs, deep convection, and heavy rainfall, etc. (e.g.,
Zhu and Newell 1994; Smirnov and Moore 1999). The relationship between TRs and
these synoptic phenomena suggests that TRs are important contributors to regional cli-
mate. A strong TR is a recurrent feature of the precursor environment of mature systems.
While it is likely that TRs by themselves do not cause the development of convective
activity, since they produce broad regions of ascending motion, they help to produce a
favorable environment in which convection can organize and persist. This hypothesis is
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supported by noting that strong TRs are not present during the dissipation stages of a baro-
clinic system when divergence, cold advection, and descending motion are prevalent.
Apart from the relationship between TRs and the Asian summer monsoon as we dis-
cussed previously in Chapter 4, a close examination for relationships between TRs and
various regional climate features such as low-level jets (LLJs) and mesoscale convective
complexes (MCCs) is warranted. Although LLJs are important dynamically, they are not
crucial contributors to transport if there is no water vapor associated with them. It is well
known that MCCs account for a large portion of warm season rainfall over the United
States (Fritsch et al. 1986; Heideman and Fritsch 1988) and produce significant amounts
of high-level cloudiness as seen in monthly frequency counts of cloud-top temperatures
(Maddox et al. 1992). Most of these regions of significant MCC activity also are regions of
frequent TR activity as well. There is also evidence that some rivers appearing as orderly
features may be several hundred or thousand kilometers away from cyclonic precipitation
systems. In order to place TR in a clearer perspective relative to regional climate phenom-
ena, further river case studies are needed to account for different types of TRs.
There are several possible physical mechanisms that may be related to the development
and evolution of TRs in a wide variety of environments. For example, shallow baroclinic-
ity caused by significant change in surface characteristics or gradients in sea surface tem-
perature (recall in Chapter 4, TR genesis regions are found to be adjacent to the maximum
SST gradients) may favor to produce or maintain TRs through geostrophic forcing. A TR
also can occur/develop owing to the terrain effects (blocking or temperature gradient due
to sloping terrain). These are important to understand since, once the mechanisms are
known, the influence of numerical model grid spacing and physical parameterization
schemes can be evaluated for the likelihood that a given model can simulate TRs.
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6.3 Main Conclusions
6.3.1 Main Conclusions for the Mean TR Behavior
(1) Characteristics of TR distribution:
On average, there are 4 - 5 rivers per analysis in the Northern Hemisphere and 5 in
the Southern Hemisphere. The axes of the greatest system densities are found princi-
pally in the middle latitudes over major oceanic basins in both hemispheres for all
seasons, and major localized maxima are situated over the Bay of Bengal and Ara-
bian Sea during JJA (related to the summer Asian monsoon) and over Northern Aus-
tralia during DJF (related to the Australian monsoon). When stratified by 200 wide
latitude bands the greatest number of TRs is found in the 30'-50 band of each hemi-
sphere. TR tracks are most concentrated near those principal oceanic regions of TR
densities in all seasons, indicating that TRs are migratory in character over these
areas but are somewhat stationary over monsoon-related regions mentioned above.
(2) Characteristics of TR life cycle:
Northern Hemisphere TRs form and intensify near the eastern seaboards of Asia
and North America, with activity focused near the regions of strongest SST gradient.
They move eastward and poleward during their lives before weakening in the two
principal graveyards: over the Gulf of Alaska and to the southeast of Greenland. In
comparison, SH TRs are more evenly distributed and tend to form in a band extend-
ing from the southeast coast of South America into the Atlantic, across the Indian
Ocean, and throughout much of the Pacific middle latitudes. The corresponding gen-
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esis regions are also found to be adjacent to (or slightly equatorward of) the maxi-
mum SST gradients in these regions. Aside from regional features, for the most part
genesis exceeds termination south (north) of about 450 N (45' S) in the NH (SH),
while the converse is true north (south) of this latitude. Both TR genesis and termina-
tion maxima tend to be near the upstream equatorward flank of those of cyclogenesis
and lysis except for cyclogenesis maxima occurring in the lee of major mountain
ranges and over land due to the thermal effect. We suggest that TR formation and ter-
mination could be a leading predictor for the occurrence and decay of extratropical
cyclones.
(3) TR properties
Our results indicate that the most intense TRs occur over the western portion of the
oceanic basins (except for the South Pacific where the maxima are located near its
southeast) with maxima somewhat to the poleward of the regions of maximum den-
sity in the NH, or approximately the same locations in the SH. In each hemisphere,
the strongest TRs occur during the corresponding summertime over the northwest
Pacific and off the east coast of South America, respectively. One unique feature is
that although TRs occur very actively over the Indian ocean sector with highly
densed tracks, large translational speeds, and intensities, they contribute little to
meridional water vapor transport, while the reverse situation can be found in the
South Pacific where southward transport is sometimes comparable to those over or
off the east coast of South America. The rivers seem to account for a substantial frac-
tion of the total meridional moisture transport in both middle and subtropical regions.
TR axis length appears to be longer during the warmer seasons and in the SH. The
mean axis length of a TR is approximately 2284.0 km. The mean lifetime of TRs that
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last at least 1 day is just a little over 2 days. Those that are located between 100 and
500 (at their half-lifetime) endure, on average, almost ~ 0.5 day longer than those in
other latitudes. About 10% of all TRs travel less than 900 km and approximately 25%
travel in access of 3000 km.
6.3.2 Main Conclusions for the Variability of TR Behavior
(1) Characteristics of TR counts and property trends
The annual average number of TRs per analysis has undergone an overall increase
during the last couple of decades, which is more significant in the Southern Hemi-
sphere. Corresponding trends in surface air temperature data have also been exam-
ined and the results suggest that warming and cooling trends are accompanied,
respectively, by increases and decreases in TR frequencies (particularly so in the
Southern Hemisphere). When breaking down the TR counts into seasons, it is evident
that TR counts are dominated by the warm seasons (JJA and SON in the NH, and DJF
and MAM in the SH). On average, TRs occurring during the warm seasons appear to
be - 40.9% more in the NH and ~ 28.0% more in the SH than those in the other half
of the year. The time series of the annual mean number of TR tracks resemble those
of the TR counts, while no such relation can be found for the TR lifespan, indicating
that the increase in TR numbers is largely due to more tracks rather than tracks tend-
ing to last longer. Both time series for the mean TR strength and mean TR meridional
moisture flux exhibit an upward trend and strengthened poleward vapor transport,
which suggest that the atmospheric moisture circulation has become more vigorous
since the last two decades. When compared to trends in cyclone and anticyclone fre-
quencies obtained from previous studies, there appears to be an increase in both sur-
face cyclone and TR activities during long-term warming and vice versa in the NH. In
the SH, while such a positive correlation between TR frequency and surface tempera-
ture is observed, mean cyclone counts have been seen to decrease since about 1970
indicating a negative correlation. We argue here that the geographical distribution of
cyclones as well as their role in water vapor transport, is very different in the two
hemispheres, hence the trends and variabilities of rivers.
(2) Geographical distributions of trends
During the studied period, there has been a general reduction in TR numbers
within the tropical region between 100 S and 30'N, and an increase north and south of
it. The greatest increases occur in the 50'-30'S belt in the SH and in the 50*-70*N in
the NH. The distribution of long-term trends in TR system density show that negative
trends are found largely over tropical and subtropical regions and positive trends in
middle to high latitudes. The latter are mostly located over oceanic areas and account
for most of the strong signals in the corresponding latitudinal belts.
(3) Relationships with ENSO events
The phenomenon with the largest known influence on interannual variability,
ENSO, imparts a detectable signal on both TR system density and strength. There is a
suggestion of an equatorward (poleward) displacement of the region of highest TR
density during episodes of positive (negative) ENSO Index. An eastward shift of the
TR density corresponding to the eastward extension of the SPCZ, and a westward
displacement of system density east of the Andes that account for increased rainfall
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during warm ENSO periods are also evident, particularly during DJF. The correlation
between the TR meridional moisture flux and the ENSO Index indicates that during
ENSO warm events, there is an enhanced meridional moisture convergence in the
tropical North Pacific west of 160*W.
In summary, we comment that this work represents the first step in a Lagrangian analy-
sis of TR behavior. Automated Lagrangian analysis has a history much shorter than Eule-
rian analysis. We see it as important that both perspectives of TRs be retained. It is crucial
to bear in mind, however, that the two approaches are sometimes telling us different things
and that direct comparison of results should be undertaken cautiously.
In what follows, we will discuss an outline of future directions for this research.
6.4 Future Work
6.4.1 Improvement of the Scheme
An immediate future effort should be directed to further improve TRICKS, especially the
objective criteria for identifying a Tropospheric River. For example, a TR defined in the
thesis only depends on whether or not a filamental structure with large moisture flux
occurs, with no consideration of preference given to either components of wind or mois-
ture content. A more refined criterion may require the magnitude of either the maximum
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wind speed or the maximum moisture content (or some combinations of them) to decrease
by a specified amount near the maximum in the cross-axial dimension in order to give a
jetlike (filament like) profile.
Since the river width is estimated through an alternative way in the thesis which may
compromise the accuracy for the mean river flux estimation, it is desirable to extend the
scheme's ability for identifying rivers in two dimensions (i.e., both width and length) so
that the influence of these systems can be more accurately estimated. Although such an
endeavor can be validated meaningfully only when the gridded data have sufficient resolu-
tion to resolve the width of a river, a statistical criterion could be established for the coarse
data set based on the examination from a high resolution data set. A potential data set that
can be utilized for this purpose is that of current ECMWF operational analysis. The reso-
lution of its global atmospheric model has been increased to T511 since November 2000.
This is roughly equivalent to a resolution of 40 km.
6.4.2 TR Database
There is good reason to try to distinguish between the many types of TRs since the tempo-
ral and spatial scales associated with them can be vastly different, as can the forcing mech-
anisms. We hope to construct a TR database that contains various TR information at each
track point obtained from an extended series of NCEP/NCAR reanalysis (1948 to present).
This will establish a benchmark contemporary climatology that will advance our under-
standing of the behavior of these systems and how they respond to and influence climate
variability. We will design an objective method for selecting cases from this TR database.
This avoids laborious manual examination of thousands of synoptic charts to find suitable
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TRs. Case selection will instead be done by a computer search of the database for TRs
having specified properties. Selections can be on the basis of year, month, day, location,
intensity (e.g., averaged V2q, or averaged meridional TR moisture flux), stage of develop-
ment, and from intensity change characteristics.
Water vapor flux divergence near the leading edge of a river is a possible predictor for
the intensity change of the cyclone associated with the river. As pointed out by Zhu and
Newell (1994), a moisture flux convergence of 10-4 kg m-2 s-1 is corresponding to a heat-
ing rate by the liberation of latent heat of about 2.7K day~' if an atmospheric column 800
hPa is considered. The average of maximum convergence values for the 7 atmospheric
bombs occurred in the North Pacific estimated by the authors is about 11.85 x 10-4 kg m-2
s-1, corresponding to a heating rate of -32K day-1 (this can be compared with the maxi-
mum rate of about 26K day-1 reported for an explosively deepening North Pacific cyclone
for which a detailed heat budget was made by Liou and Elsberry, 1981). The role of latent
heat is to make the ascent stronger than it would otherwise be and results in strong vortex
stretching and a spin-up of the low-level vorticity. Though the maximum moisture flux
divergence near the leading edge of a river can not be estimated directly from the current
scheme, it is possible to include this quantity calculated from the original input moisture
flux field after taking into consideration of the identified TR information.
Individual case studies based on intensive observational campaigns such as the Pacific
Exploratory Mission (PEM) (including PEM-West phases A and B, and PEM-Tropics
phases A and B) have revealed the rich palette of atmospheric layering structures and their
life cycles. There is now a growing effort to bring much of this work together by attempt-
ing to classify precursor synoptic-scale flow patterns and different layers (e.g., Newell et
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al. 1999; Gutowski et al. 2001). Automated case selection from objectively derived track
data incorporating certain parameters as are germane to such classifications will increas-
ingly be needed to assist with the huge task of assessing the relative importance of these
structures.
TR climatologies in comparison may be sensitive to data sets used. It would be desir-
able to compare TR system climatologies from different data sets to identify systematic
differences between the handling of TRs in different numerical models and assimilation
systems. Work is about to commence on obtaining TR statistics from a GCM to assess its
ability in replicating contemporary TR system behavior and to identify possible shifts in
TR characteristics under climate change scenarios. In this task, it will be essential that
small differences between different data sets are not artifacts of the TR finding and track-
ing methodology.
6.4.3 Numerical Simulation
Numerical models could be used to achieve the following objectives:
" to characterize the TR spatial structure and its evolution, i.e., what are the large- and
meso-scale mechanisms by which differences in surface characteristics, cumulus
parameterization schemes, and regional circulation features associated with the initia-
tion and subsequent persistence of the TRs?
- to establish the conditions under which a river appears to be torn off a tropical strip of
westward-flowing moisture as often observed from daily maps.
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" to study the effect of TRs on the development of moist disturbances, and the interac-
tions between TRs and synoptic systems such as low-level jets, cyclogenesis, atmo-
spheric bombs, deep convection, and heavy rainfall, etc.
- to investigate the role of TRs in association with some extreme weather events such as
1993 Upper Mississippi River basin flood and the extremely high rainfall event in 1994
summer over South China-Hong Kong region, etc.
- to investigate the cause and maintenance of annual and seasonal variations of global
hydrological cycle using GCM, and study the role of TRs on climatological variabilities
within the water balance considerations if the rivers can be simulated in a GCM model
that has a sufficient grid resolution.
At present, simulation studies are being conducted using either a case study approach
or simplified analytic initial conditions to examine TR sensitivities to various model
parameters. In order to obtain a high-resolution picture of a TR's evolution, we used a lim-
ited area model (MM5V2) to simulate a TR occurring over eastern North America in the
late September of 1996. The model description, experiment setup, and results are given in
Appendix A. We showed that the geometry and dynamics of the filament determine the
cloud and precipitation as well as the structure and evolution of the cyclonic system
nearby. It also reveals that the river is a very effective mechanism for the poleward water
vapor transport.
The advantage of using numerical models is the ability to separate the effects of various
physical processes on the TR evolution. The model outputs make it possible to study
quantitatively the mechanisms that produce TRs and the effects of various model parame-
terization schemes and model grid spacings on TR development.
By the same token, analytic solutions and numerical simulations using semigeostrophic
Eady model with condensation heating such as those derived and conducted by Emanuel
(1987) could be a useful tool for theoretical and numerical study on many processes which
involved in various stages of a TR development.
Improved extended-range weather forecasts will result from more accurate numerical
model predictions of the onset and duration of TR episodes. Automated techniques such
as those described in the thesis are valuable tools for evaluating and comparing the perfor-
mance of models in simulating such episodes. However, work is needed to develop more
meaningful objective criteria for identifying persistent circulation features such as TRs
that are responsible for extended periods of anomalous regional weather.
6.4.4 Upper Tropospheric Rivers
Many recent studies have stressed the importance of upper-tropospheric moisture in cli-
mate and radiation, emphasizing the need for an observational base to evaluate the upper-
tropospheric hydrology in climate models. Satellite imagery in water vapor channels
reveals extensive upper tropospheric "rivers of moisture" flowing from the tropics to the
mid-latitudes. The extent to which the Earth's climate will warm as a result of increasing
carbon dioxide in the atmosphere depends largely on the response of water vapor in the
upper levels of the troposphere (roughly 5-10 km above the surface).
The overall cloud fields are produced by broad slantwise ascent within "conveyor
belts" that redistribute heat, momentum and moisture over great distances (see for exam-
ple Carlson, 1980; Saarikivi and Puhakka, 1990). The production of clouds at different
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levels within the overall cloud system is also an indication of the role of these features in
the transport of moisture throughout the troposphere. The warm conveyor belt in particular
plays a critical role in lifting low level (and low latitude) moisture up to high levels of the
troposphere. The extensive cirrus canopies linked with these systems are an excellent indi-
cation of the result of such a flow field. These cloud systems are associated with the sub-
tropical jet stream and often connect the convective source of upper tropospheric water
vapor in the tropics to extratropical weather systems. It is desirable to develop a similar
objective scheme as in this thesis to identify and track these upper tropospheric rivers.
Work is in progress in constructing a climatology (including its variability) by applying
such a scheme to the partially vertically-integrated (from 700 hPa to 300 hPa) moisture
fluxes calculated from the NCEP/NCAR reanalysis data.
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Appendix A
A Numerical Case Study
A.1 Brief Description of the MM5V2 Model
The Fifth-Generation NCAR/Penn State Mesoscale Model (MM5) is the latest in a series
that was developed from a mesoscale model used by Anthes at Penn State in the early '70s
that was later documented by Anthes and Warner (1978). Since that time it has undergone
many changes designed to broaden its usage. These include: (1) a multiple-nest capability,
(2) nonhydrostatic dynamics, and (3) a four-dimensional data assimilation (4DDA) capa-
bility, as well as more physics options, and portability to a wider range of computing plat-
forms.
The main advantages of MM5 Version 2 (MM5V2) are its non-hydrostatic option and
more detailed model physics formulations incorporated in the cumulus convection, radia-
tive transfer, and cloud schemes. It can be used for a broad spectrum of theoretical and
real-time studies, including applications of both predictive simulation and 4DDA to mon-
soons, hurricanes, and cyclones. A schematic diagram (Figure A. 1) is provided showing a
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Figure A.1: The MM5V2 modeling system flow chart.
flow-chart of the complete modeling system. It is intended to show the order of the pro-
grams, flow of the data, and to briefly describe their primary functions.
The model uses a terrain following vertical coordinate and an Arakawa-Lamb B-stag-
gered horizontal grid. Second-order centered spatial finite differences represent the gradi-
ents except for the rainfall term which uses a first-order upstream scheme for positive
definiteness. A second-order leapfrog time-step scheme is used, but some terms are han-
dled using a time-splitting scheme. More details on basic model dynamical structure can
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be found in the latest MM5V2 Release Notes at http://www.mmm.ucar.edu/mm5/docu-
ments (1999).
A.2 Experiment Setup
In this section, we provide a brief description of the numerical experiment performed in
the appendix. The experiment is designed to simulate the atmospheric and hydrological
processes related to a river occurring over the eastern coast of North America. The simula-
tion is initialized at 00 UTC September 27, 1996, and is integrated for three days. Figure
A.2a depicts the domain and associated topography. Close attention has been paid to the
selection of the model domain so that the boundary conditions do not fully constrain the
model. The domain center is located at 45'N and 71*W. In the horizontal, the grid is 60
points in the east-west direction and 59 in the north-south with a resolution of 90 km.
There are 23 vertical sigma levels with highest concentration of levels near the surface
(0.995, 0.985, 0.97, 0.945, 0.91, 0.87, 0.825, 0.775, 0.725, 0.675, 0.625, 0.575, 0.525,
0.475, 0.425, 0.375, 0.325, 0.275, 0.225, 0.175, 0.125, 0.075, and 0.025). Default model
physical options [nonhydrostatic, Grell convective parameterization (Grell, 1993), bulk
Planetary Boundary Layer (PBL) scheme, and simple ice explicit moisture scheme
(Dudhia 1993), etc.] are used.
Since MM5V2 is a regional model, it requires initial conditions as well as lateral
boundary conditions to run. To produce lateral boundary conditions for a model run, one
needs gridded data to cover the entire integration period. The input data of temperature,
horizontal wind components, relative humidity, and sea-level pressure are obtained from
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2.50 x 2.50 ECMWF 12-hourly analysis stored in NCAR's Mass Storage System. Along
with the other two dimensional information such as terrain elevation, land use (shown in
Figure A.2b), and snow cover (all selected from suitable data sets to be compatible with
our grid resolution), all variables have been interpolated to our model resolution through
the MM5V2 pre-processing routine.
Major output data from MM5V2 are three-dimensional atmospheric forecast arrays
including horizontal wind components, temperature, mixing ratios of water vapor, cloud
water, and ice cloud, etc.; and two-dimensional surface properties including accumulated
convective and nonconvective rainfall, surface latent heat flux, surface sensible heat flux,
etc.
A.3 Results
The time series of a selected tropospheric river experiment is illustrated in this section. It
consists of 13 snapshots of the vertically integrated (from surface to 300 hPa) moisture
fluxes (Figure A.3), accumulated precipitation (Figure A.4), mean sea-level pressure (Fig-
ure A.5), and a vertical cross-section of meridional moisture flux (Figure A.6), taken at
every 6-hour interval for three days.
A.3.1 Vertically Integrated Moisture Flux
The model seems to capture the whole process of a river progression with much more
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detailed small-scale features. Initially, there was a weak and broad N- to NNE-ward mois-
ture transport across much of the eastern United States. The head of this river was identifi-
able in the following snapshots during the first day where an arc line of strong moisture
convergence occurred to the northeast of the Great Lakes area and moved consistently
towards northeast. The river became more filamentary and elongated with moisture being
transported more efficiently along a SW-NE line while the whole feature translated east-
ward out of the continent. A moisture-flux convergence line (i.e., a line within which the
moisture fluxes seemed directionless with weak magnitudes) co-located next to the west of
the river axis was also evident. River structure became less coherent after the 48 hour and
the strength of the river showed an overall weakening since then.
A.3.2 Accumulated Precipitation
Figure A.4a shows the total predicted precipitation (both convective and nonconvective)
during the whole simulation period, and A.4b through A.4m exhibit the accumulated rain-
fall for every 6 hours. Compared to the moisture flux (Figure A.3), the migration of the
rainband followed coherently with that of the river with rainfall locations quite close to
those of moisture-flux convergencies (i.e., near the head of the river and a line next to the
west of the river axis). Peak precipitation was observed between 36h and 42h forecast
interval with maximum precipitation rate of ~ 5 mm hour~1. Large cross-axial gradients
were also found in the precipitation band.
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A.3.3 Mean Sea Level Pressure
As a background check against which this river developed, snapshots of the mean sea level
pressure (MSLP) field are showed in Figure A.4. A depression initially found near 90'W,
42'N underwent a significant development into an extratropical cyclone (pressure fall
averaged about 0.5 hPa houfr1 during the first 48 hours). It is intriguing to note that the
center of this cyclone moves to be close to the position occupied by the leading edge of the
river a few hours ago, a feature that was also found in the previous river studies (e.g., Zhu
and Newell 1994).
A.3.4 Vertical Cross-section of Meridional Moisture Flux
A vertical cross-section of the meridional moisture-flux magnitude (i.e., meridional veloc-
ity v times specific humidity q at the standard pressure levels) along 77.1428'W, where the
major portion of the river passed through, displayed in Figure A.6. A substantial fraction
of the water vapor originated near the surface of low latitudes were transported northward,
with peak transport occurred between 900 and 800 hPa layer. The slantwise transport fea-
ture is one of the important aspects of Tropospheric River and warrants further investiga-
tion.
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Figure A.4: (a) Accumulated total forecast rainfall (unit in cm) in 72 hours; (b)-(m):
Accumulated rainfall for every 6 hours. Contour interval is 0.5 cm. Values
greater than 0.5 cm are shaded.
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Figure A.5: Simulated sea-level pressure (unit in hPa) at 6-hour intervals.
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Figure A.6: Vertical cross-section of magnitude of the meridional moisture flux (q x v)
along 77.1428*W at 6-hour intervals (units in 10-2 kg kg-1 m s-1).
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